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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 
Organization of Dissertation 
Four individual chapters and general conclusions follow a literature review including 
biology, management efforts, herbivores, and predators as they relate to Lythrum salicaria L. 
The first chapter covers the prey suitability of two L. salicaria herbivores, Myzus lythri and 
Galerucella calmariensis for three predatory species, Coleomegilla maculata, Harmonia 
axyridis and Chrysoperla carnea. The second chapter addresses trophic interactions among 
two herbivorous species, M. lythri and G. calmariensis two predatory species, H. axyridis 
and C. carnea and L. salicaria. The third chapter examines mortality of field populations of 
preimaginal life stages and pupal survival of G. calmariensis. Finally, the fourth chapter 
considers intraguild prédation among three predatory species, H. axyridis, C. carnea, C. 
maculata in the presence of two herbivorous prey species, M. lythri and G. calmariensis. 
Invasive Species 
Invasive species are "any species, including its seeds, eggs, spores, or other biological 
material capable of propagating that species, that is not native to that ecosystem, and whose 
introduction does or is likely to cause economic or environmental harm or harm to human 
health" (Douce et al. 2005). Invasive plants provide insights on how species overcome biotic 
and abiotic factors to become part of an ecosystem, therefore, providing information on 
population biology of species in novel habitats (Sakai et al. 2001). Different genetic and 
phenotypic traits have been studied to distinguish between potential invaders and non­
invasive species (Sakai et al. 2001). In plants, life history and ecological traits including 
rapid germination, proportion of germination within a generation, and competitive ability in 
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the invaded habitat may make an invading species more aggressive (Newsome and Nobel 
1986). 
Different factors, including release from environmental constraints, reduced 
herbivory and the evolution of increased competitive ability and introgression/hybrid 
speciation, encourage invasiveness in wetlands in temperate North America (Galatowitsch et 
al. 1999). Three environmental factors discussed by Galatowitsch et al. (1999) that have been 
linked to invasiveness of L. salicaria are nutrient availability, vegetation removal, and altered 
hydrology. Lythrum salicaria is a better competitor against Epilobium hirsutum L. (great 
hairy-willow herb) in low nutrient (Shamsi and Whitehead 1977). In an experiment, different 
levels of nitrogen (N), phosphorus (P), and potassium (K) were used to compare plant growth 
of L. salicaria and E. hirsutum (Shamsi and Whitehead 1977). Successive dilutions of each 
nutrient affected growth of E. hirsutum, whereas L. salicaria was only affected by successive 
dilutions of N but not by dilutions of P or K. Disturbed areas that have become dumps and 
waste sites allow L. salicaria to be a better competitor, especially if vegetation has been 
removed and the areas are barren (Stuckey 1980, Wilcox 1989). In response to an altered 
hydrology, L. salicaria develops aerenchyma tissues, which allow for large air-filled cavities 
to provide a low-resistance internal pathway for the exchange of gases such as oxygen and 
ethylene between the plant parts above water and submerged tissues (Thompson et al. 1987). 
The reduced herbivory in an invaded area and the evolution of increased competitive 
ability for L. salicaria was proposed by Blossey and Notzold (1995). In the absence of 
herbivores, genotypes with improved competitive abilities will be selected and resources that 
used to be allocated for herbivore defense will be reduced. In a common garden experiment, 
L. salicaria from two locations (New York and Switzerland) were grown to determine 
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vegetation production and herbivory levels. New York L. salicaria plants were taller and had 
more biomass compared to Switzerland plants. When herbivory levels were compared 
between L. salicaria plants from New York and Switzerland, Blossey and Notzold (1995) 
demonstrated that Hylobius transversovittatus (root-feeding weevil) larval survivorship and 
growth was higher on New York plants compared to Switzerland plants. 
A hypothesis of introgression and species hybridization has been suggested to explain 
invasiveness of L. salicaria (Galatowitsch et al. 1999, Anderson et al. 1995). The opportunity 
for introgression/ species hybridization occurs when two interspecific taxons hybridized and 
produce novel phenotypes with selective advantages to grow in unfavorable environments 
where either parent could not grow (Galatowitsch et al. 1999). There are no sympatric 
species of L. salicaria in Europe, thus species hybridization is does not occur (Galatowitsch 
et al. 1999). However, in North America, the existence of Lythrum alatum Pursch allows for 
L. salicaria and L. alatum to intercross freely in natural settings (Anderson et al. 1995). 
Lythrum salicaria has a ploidy level of 4x and 6x, whereas L. alatum has a ploidy level of 2x 
(Anderson et al. 1995). The high reproductive capacity of L. salicaria has created a problem 
by displacing more than 50% of the wetland biomass where it is present (Thompson et al. 
1987, Balogh and Bookhout 1989). 
Biology of Lythrum salicaria 
Europe and Asia are the primary centers of distribution for L. salicaria L. (Hulten 
1971). During the early 1800's, European immigrants introduced L. salicaria into the U.S. 
for herbal and medicinal uses (Thompson et al. 1987). Lythrum salicaria's erect stalk of 
purple flowers, that bloom from late July to early August in Iowa are its primary 
identification characteristic (Wiebe and Obrycki 2001). The height of the main stem ranges 
4 
from 0.5 to 2.5 m and root can be up to 0.5 m wide (Thompson et al. 1987, Skinner et al. 
1994). 
Each plant may produce an average of 2.5 million seeds annually per plant 
(Thompson et al. 1987). The flowers are bisexual and are insect-pollinated (Thompson et al. 
1987). Lythrum salicaria flowers have a trimorphic structure (Thompson et al. 1987). 
According to Thompson et al. (1987) Darwin made observations on three kinds of flowers 
that had had three lengths of styles and three combinations of anther lengths and these 
flowers coexist in the wild populations in equal frequencies. 
Dispersal 
Lythrum salicaria seeds can be dispersed by animals including waterfowl, muskrats, 
and snapping turtles moving in and out of the wetland areas (Thompson et al. 1987). Canals 
built for commerce in the Northeast U.S. allowed L. salicaria seeds and propagules to spread 
to the Midwest and Northwest Pacific coast (Thompson et al. 1987). Thompson et al. (1987) 
summarized different studies about how wind does not serve as strong dispersal factor for L. 
salicaria seeds because seeds do not move far away from the parental plant, thus local 
movement (10 m from parental plant) of seeds by wind dispersal is observed. 
Problem 
Some of the negative effects of L. salicaria as an invasive species on wetlands have 
been challenged by Hager and McCoy (1998), Earns worth and Ellis (2001) and Blossey et al. 
(2001) (Tables 1, 2). Hager and McCoy (1998) argued that the introduction of biological 
control agents to manage L. salicaria was a result of misinterpretation of data and lack of 
experimental evidence. For example, Malecki and Rawinski (1985) attempted to quantify the 
negative effect of L. salicaria on cattails, but showed no statistical data to determine if the 
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effects were significant and is no overall trend of L. salicaria displacing cattails (Hager and 
McCoy 1998). 
Hager and McCoy (1998) argued that because the human eye is influenced by color 
and L. salicaria has a bright color, observers were influenced by the colors because they did 
their evaluations when L. salicaria was in full bloom. Thompson et al (1987) was criticized 
for using subjective observations, instead of quantitative measurements, to determine the 
results that L. salicaria was perceived to be out-competing other plant species and creating 
monocultures (Hager and McCoy 1998). 
However, Blossey et al. (2001) cited different studies that showed L. salicaria 
reduced plant biodiversity by dominating the seed bank, superior competitive ability and 
altering wetland functions. Several pollinators now prefer L. salicaria to native loosestrife 
Lythrum alatum Pursh (Brown and Mitchell 2001, Blossey et al. 2001). In a study conducted 
in Ohio, 15 L. salicaria and 40 L. alatum (native congener) seeds were grown in a 
greenhouse (Brown and Mitchell 2001). Twenty plants of L. alatum were pollen recipients 
from three treatments; L. alatum pollen, L. alatum and L. salicaria pollen (mixed), and L. 
salicaria pollen. In treatments with a mixture of the pollen, there was a reduction over 28% 
of seed set in L. alatum plants (Brown and Mitchell 2001). 
Based on these studies (Tables 1, 2), subjective observational measurements are not 
the most appropriate methodology to describe L. salicaria as a threat to the introduced 
environment (Hager and McCoy 1998). In addition, existing data indicates that L. alatum, a 
native congener is at a disadvantage with L. salicaria because pollinators such as honey bee 
(Apis mellifera L. (Hymenoptera: Apidae) will pollinate more L. salicaria compared to 
pollinating L. alatum (Brown and Mitchell 2001). Nevertheless, the absence of L. salicaria 
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does not guarantee that L. alatum would be pollinated more often because studies have not 
quantified how often L. alatum was pollinated in areas where L. salicaria is absent. 
Understanding the L. salicaria complex can provide us with insights on how an 
introduced species can affect an area. The effects herbivores and predators of L. salicaria 
herbivores have on L. salicaria growth are important because it can help us understand a 
wetland ecosystem that has been invaded by a nonindigenous plant. 
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Table 1. Ecosystem effects of Lythrum salicaria summarized from Blossey et al. (2001). 
Effect of L. salicaria References 
Reduction of high quality bird habitat Hickey 1997, Hickey and Malecki 1997, 
Whitt et al. 1999 
Reduction in plant biodiversity Gabor et al. 1996, Welling and Becker 
1990, Weihe and Neely 1997, Mal et al. 
1997, Brown and Mitchell 2001 
Alternation of wetland function Emery and Perry 1996, Barlocher and 
Biddiscomber 1996, Grout et al. 1997, 
Templer et al. 1998 
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Table 2. Several studies that challenge that L. salicaria is a threat to the U.S. 
L. salicaria does not threaten diversity or 
density of other wet meadow species, at 
least at the range of stem densities and 
ramet sizes. 
Farnsworth and Ellis 2001 
No relationship between the density of L. Treberg and Husband 1999 
salicaria stems and richness of other 
riparian plant species 
Past studies have not shown statistical Hager and McCoy 1998 
reasons how wildlife is affected. 
L. salicaria shifted attention from earlier 
attempts to control Typha spp. 
Aesthetic reasons remain the sole 
justification for control of L. salicaria. 
L. salicaria does not outcompete or cause Anderson 1995 
declines or extinctions of other plant 
species 
L. salicaria does not displace native Morrison 2002 
species. Low initial densities of native 
species may have been displaced before L. 
salicaria was present. 
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Management of L. salicaria 
Eradication and containment efforts of L. salicaria have been unsuccessful 
(Thompson et al. 1987). A review by Wiebe and Obrycki (2001) outlined the different 
methods that have been used since the early 1990s to manage L. salicaria in North America, 
which include chemical, cultural, mechanical, and biological control. 
In North America, one of the first practices to suppress L. salicaria was to use 
herbicides (Thompson et al. 1987, Mullin 1998). Chemical control was tried using Rodeo® 
(2-phosphonomethyl amino)acetic acid; propan-2-amine), Garlon® (2-(3,5,6-
trichloropyridin-2-yl) oxyacetic acid), (Gardner and Grue 1996) and glyphosate (Mullin 
1998). In a field study, replicated plots were used to test three rates of glyphosate at three 
stages of L. salicaria growth (vegetative, early flowering, and late flowering) (Malecki and 
Rawinski 1985). Application rates of glyphosate did not reduce L. salicaria, but application 
during late flowering was the most effective by reducing nearly 100% of shoots. In addition, 
the seedlings emerging during late flowering were also destroyed (Malecki and Rawinski 
1985). 
Mechanical control is very labor intensive and requires removal of all stems, 
branches, and perennial root system (Mal et al. 1992). Removing the perennial root system is 
not effective if the L. salicaria stand has been established for several years because root 
systems are very difficult to remove completely (Wiebe and Obrycki 2001). 
Cultural control may involve water manipulation, fire, and planting more competitive, 
but less detrimental, plants. Rawinski (1982) maintained water levels at 40 cm depth for 
three years and observed that loosestrife shoots were reduced to about two-thirds of the 
original measurements. There was a combined effect of water level, damage by carp, and 
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competition with cattail on densities of L. salicaria shoots (Rawisnki 1982). Fire is not a 
feasible alternative due to the moist conditions of the wetlands because the rootstock would 
be spared from the fire therefore regrowth would occur the following year (Thompson et al. 
1987, Mullin 1998, Wiebe and Obrycki 2001). 
Biological control of L. salicaria 
Several authors have contributed to the literature on the biological control of L. 
salicaria (Batra et al. 1986, Thompson et al. 1987, Hight 1990, Malecki et al. 1993, Blossey 
and Schroeder 1995, Wiebe and Obrycki 2001). Hight (1990) did not observe any significant 
damage by native herbivores feeding on L. salicaria in the U.S. Therefore, a search in 
Europe was important because the lack of herbivores gave L. salicaria a competitive 
advantage over other native plants in North America (Blossey and Schroeder 1995). Six 
insect species were chosen as potential biological control agents out of 120 phytophagous 
insects that attacked L. salicaria (Batra et al. 1986, Malecki et al. 1993). Among those 
species chosen were Galerucella calmariensis L., Galerucella pusilla Duftschmid 
(Coleoptera: Chrysomelidae) and Hylobius transversovittatus Goeze (Coleoptera: 
Curculionidae) However, this dissertation focuses only on G. calmariensis. 
Galerucella spp. 
There are five species within the genus Galerucella in North America (Manguin et al. 
1993). Both G. calmariensis and G. pusilla have a European origin whereas Gallercuella 
nymphaeae (L.), Gallerucella stefanssoni Brown, and Gallerucella quebecensis Brown 
(Coleoptera: Chrysomelidae) are North American species. Of the native species, G. 
nymphaeae has been observed feeding on L. salicaria (Hight 1990, Manguin et al. 1993), but 
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its preferred hosts are plants in the family Nymphaeceae, the water-lily (Wallace and O'Hop 
1985, Mappes and Mâkelà 1993). 
In 1994, Iowa initiated a biological control project by rearing and releasing G. 
calmariensis and G. pusilla in the northwest area, where L. salicaria was abundant (Wiebe 
and Obrycki 2001). Over 1.4 million Galerucella beetles have been released in different 
wetlands throughout Iowa (Cortilet 1998, Wiebe et al. 2001). However, a reduction in plant 
biomass has not been observed (Obrycki unpublished data) and hypotheses have been 
proposed that native natural enemies may be limiting beetle densities (Nechols et al. 1996, 
Wiebe and Obrycki 2002, Sebolt and Landis 2002). 
Myzus lythri 
In 1992, another insect species, Myzus lythri (Schrank) (Homoptera: Aphididae) was 
observed feeding in abundant numbers on L. salicaria in Indiana (Voegtlin 1995). This 
insect was recorded in the European surveys of natural enemies for L. salicaria but was not 
considered to be a significant potential biocontrol agent in North America due to its host 
alternating life cycle (Batra et al. 1986, Hight and Drea 1991). However, M. lythri was first 
recorded in North America in the early 1930s (Gillette and Palmer 1934, Voegtlin 1995). In a 
greenhouse study, Voegtlin (1995) found that 3-month-old and 2-year-old plants inoculated 
with M. lythri for several weeks had significantly lower root and shoot dry weight and 
survival than plants without aphids. Voegtlin (1995) suggested that augmentation with aphids 
when L. salicaria is emerging early in the season in wetlands could be a potential approach 
to suppressing L. salicaria. 
Voegtlin (1995) discussed three factors limiting the potential of M. lythri as an 
effective biological control agent of L. salicaria. First, this aphid migrates in fall to 
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overwinter on Prunus spp. and abiotic conditions may hinder this migration and cause 
significant mortality. Secondly, the migration in the spring from Prunus spp. to L. salicaria 
sites may be too late in the season to impact flowering and seed set of L. salicaria. Finally, 
the primary host is Prunus mahaleb and its absence from areas where most L. salicaria 
stands are established makes movement between the L. salicaria and P. mahaleb difficult. 
Biotic interference 
Biotic interference has been reviewed and studied by various authors and since the 
first compilation by Goeden and Louda (1976), additional studies have determined this 
ecological interaction in several biological control of weeds programs (Table 3). Biotic 
interference of biological control of weed species occurs when existing natural enemies 
attack an introduced natural enemy, reducing levels of biological control (Goeden and Louda 
1976). This ecological interaction occurs with existing native and introduced natural 
enemies, including Harmonia axyridis Pallas (Coleoptera: Coccinellidae). 
Sebolt and Landis (2004) observed adults of C. maculata, H. axyridis, Coccinella 
septempunctata L. (Coleoptera: Coccinellidae), Podisus maculiventris (Say) (Hemiptera: 
Pentatomidae), Forficula auricularia L. (Dermaptera: Forficulidae), and Pterostichus 
melanarius Illiger (Coleoptera: Carabidae) attacking different life stages of G. calmariensis. 
Galerucella calmariensis adults were exposed to F. auricularia, G. calmariensis pupae were 
exposed to F. auricalaria and P. melanarius, whereas G. calmariensis eggs, first instars, 
second and third instars were exposed to the six predators. In no-choice laboratory 
experiments, H. axyridis adults caused 11%, 100% and 60% mortality of G. calmariensis 
eggs, first instars, and second-third instars, respectively (Sebolt and Landis 2004). Cortilet 
(1998) and Wiebe and Obrycki (2004) observed both immature and adult C. maculata and 
Chrysoperla carnea (Stephens) (Neuroptera: Chrysopidae) feeding on Galerucella eggs and 
larvae in the field. At three field sites in New York, Nechols et al. (1996) observed the native 
coccinellid, C. maculata adults attacking G. nymphaeae egg masses. Survival of G. 
nymphaeae larvae was similar for open and closed cages; however the percentage of G. 
nymphaeae that entered the pupal stage was lower in open cages than closed cages (Nechols 
et al. 1996). 
Sebolt and Landis (2002) studied the survival and behavior of G. calmariensis larvae 
when adult C. maculata was present or absent. The first minutes after G. calmariensis larvae 
emerge from eggs were critical for larval migration upward toward the shoot tips (Sebolt and 
Landis 2002). After 1 hr, 77% of the larvae were concealed within the shoot tips and in the 
absence of predators there was 100% survivorship, whereas only 70% survived when 
predators were present on the shoot tips (Sebolt and Landis 2002). However, when larval 
density exceeded the space available inside the shoot tips and excess larvae migrated to other 
parts of the plant and were exposed to prédation (Sebolt and Landis 2002). Limited space for 
concealment in the shoot tips when larval densities are high (more than 22 larvae per shoot) 
may lead to increased prédation and alter the magnitude of injury caused to L. salicaria 
(Sebolt and Landis 2002). 
Trophic cascades 
Trophic cascades occur when predators or parasitoids indirectly affect the plant host a 
herbivore is feeding on, i.e. a non-adjacent trophic level (Schmitz et al. 1997). Wiebe (2001) 
conducted a study to determine if direct and indirect top-down interactions using a generalist 
predator C. maculata and G. pusilla (herbivore) would affect leaf-defoliation of L. salicaria. 
Using 0.35 m tall L. salicaria plants enclosed in mesh cages four treatments were tested; no 
insects, C. maculata alone, G. pusilla alone, and C. maculata and G. pusilla together. Forty-
five eggs laid by G. pusilla and ten C. maculata were released in the appropriate treatment 
cages and left for 35 days (Wiebe 2001). A trophic cascade was not shown because plant 
parameters measured were not different in the cages where both G. pusilla and C. maculata 
were present compared to cages with only G. pusilla. 
During a 4-year field study, an opportunistic (i.e. a phytophagous insect that may also 
be a predator) predator Plagiognathus politis (Hemiptera: Miridae) consumed large numbers 
of G. calmariensis eggs and young larvae (Hunt-Joshi et al. 2005). However, after the 
second and third season, G. calmariensis populations increased to levels causing significant 
defoliation and predators did not reduce defoliation (Hunt-Joshi et al. 2005). 
Rationale for Research 
After attempts to use several tactics to manage Lythrum salicaria, biological control 
has been identified as the most promising approach. The lack of natural enemies is one factor 
that has been argued to give an advantage to invasive species over native plants (Blossey and 
Nôtzold 1995). Harris (1981) discusses that multiple stress factors such as number of 
herbivores released, climatic stresses, soil, stresses, and competing plants will contribute to 
the suppression of the weed. This dissertation will study the novel (interactions between 
native and introduced species) trophic level relationships that this invasive species has 
created. The overall hypotheses are that an additional herbivore species and the reduction of 
biotic interference will affect biological control of L. salicaria. Using multiple herbivore 
agents could reduce biotic interference (e.g. the negative effect of existing natural enemies 
have on introduced herbivores) because one herbivore may be preferred over the other 
herbivore by the existing natural enemies. 
Table 3. Biotic interference of biological control of weeds examples modified from Goeden and Louda (1976) and additions 
since 1976 (Predator =PR and Parasitoid=PS) 
Target weed Biocontrol Agent Biotic interference agent Reference 
Alligatorweed 
Alternathera philoxeroides 
Thrips 
Amynothrips andersonii 
Spiders (PR) 
Unspecified Hemiptera (PR) 
Maddox et al. 1971 
Leaf beetle 
Agasicles hygrophila 
Coccinellid (PR) 
Colleomegilla maculata 
Hemiptera (PR) 
Podisus maculiventris 
P. mucronatus 
Maddox et al. 1971 
Bidi-Bidi 
Acaena sanguisorbae 
Sawfly 
Anthoclus varinervus 
Birds (PR) Huffaker 1959 
Black sage 
Cordia macrostachya 
Chrysomelid 
Physonata alutacea 
Ants (PR) 
Technomyrmex detorquens 
Simmonds 1958 
Chalcid 
Eurytoma attiva 
Ants (PR) 
Technomyrmex detorquens 
Williams 1960 
Chrysomelid 
Schematiza cordiae 
Pentatomid (PR) 
Africus williamsi 
Vespid (PR) 
Polistes hebraeus 
Simmonds 1958 
Canada thistle 
Cirsium arvense 
Chrysomelid 
Altica cardurorum 
Mites (PR) Peschken et al. 1970 
Table 3. (continued) 
Crofton weed 
Eupatorium 
adenophorum 
Tephritid (galls) 
Procecidochares utilis 
Mice (PR) 
Noctuid (PR) 
Heliothis sp. 
Torymid (PS) 
Megastimus sp. 
Macrodontomerus australiensis 
Eupelmid (PS) 
Eupelmus cushmani 
Braconid (PS) 
Bracon terryi 
Campyloneurus sp. 
Eurytomid 
Eurytoma tephritidis 
Bess and Haramoto 1959 
Dodd 1961 
Lantana 
Lantana camara 
Tingid 
Teleonemia scrupulosa 
Lygaeidae (PR) 
Fungal Disease 
Coccinellid (PR) 
Coccinella sp. 
Hemerobid (PR) 
Hemerobius sp. 
Fyfe 1935 
Prickly pear cactus 
Opuntia sp. 
Cochineal (scale) 
Dactylopius opuntiae 
Phyctid (moth) 
Cactoblastis cactorum 
Coccinellid (PR) 
Cryptolaemus montrouzieri 
Exochomus flavipes 
Trichogrammatid (PS) 
Trichogramma spp. 
Braconid (PS) 
Microbracon hebetor 
Rodents (PR) 
Ants (PR) 
Anoplolepis custodiens, A. 
steingroeveri 
Pettey 1947 
ON 
Table 3. (continued) 
Iridomyrmex detectus 
Chalcididae (PS) 
Stomatoceras melitarae 
S. stokesi 
Ichneumonidae (PS) Eulophidae (PS) 
Prickly pear cactus 
Opuntia sp. 
Cochineal (scale) 
Dactylopius opuntiae 
Phyctid (moth) 
Cactoblastis cactorum 
Coccinellid (PR) 
Cryptolaemus montrouzieri 
Exochomus flavipes 
Trichogrammatid (PS) 
Trichogramma spp. 
Braconid 
Microbracon hebetor 
Rodents (PR) 
Ants (PR) 
Anoplolepis custodiens A. 
steingroeveri 
Iridomyrmex detectus 
Chalcididae (PS) 
Stomatoceras melitarae 
S. stokesi 
Ichneumonidae (PS) Eulophidae (PS) 
Pettey 1947 
Cerambycid 
Archlagochirus funestus 
Rodents (PR) 
Ants (PR) 
Lizards (PR) 
Dodd 1940 
Puncturevine 
Tribulus terrestris 
Weevils 
Microlarinus lareynii 
M. lypriformis 
Lygaeidae (PR) 
Geocoris pallens 
Miridae (PR) 
Spanagonicus albofasciatus 
Pteromalidae (PS) 
Habrocytus piercei 
Andres and Goeden 1971 
Goeden and Ricker 1970 
Table 3. (continued) 
St. John's Wort 
Hypericum perforatum 
Chrysomelids 
Chrysolina brunsvicensis 
C. varians 
Geometrids 
Anaitis efformata 
Mecoptera, spiders, birds, ants (PR) Goeden and Louda 1976 
Cecidomyidae 
Zeuxodiplosis giardi 
Unspecified Hymenoptera (PS) Wilson and Campbell 1943 
Given 1967 
Briese 1986 
Tansy ragwort 
Senecio jacobaea 
Moth 
Tyria jacobaeae 
Mecoptera (PR) 
Harpobittacus nigriceps 
Pentatomids (PR) 
Reduviids (PR) 
Carabids (PR) 
Birds (PR) 
Disease 
Ichneumonid and Tachinid (PS) 
Currie and Fyfe 1938 
Bornemissza 1966 
Purple nutsedge 
Cyperus rotundus 
Moth 
Bactra tuculenta 
Trichogramma (PS) 
Trichogramma minutum 
Cashmore and Campbell 
1946 
Yellow Toadflax 
Linaria vulgaris 
Noctuid 
Calophasia lunula 
Tachinid (PS) 
Phryxe vulgaris 
Karny 1963 
Gorse 
Ulex europaeus 
Spider mite 
Tetranychus lintearius 
Predatory mites (PR) Pratt et al. 2003 
00 
Table 3. (continued) 
Koster's curse 
Clidemia hirta 
Thrips 
Liothrips urichi 
Ants 
Anthocoridae (PR) 
Montandoniola moraguesi 
Ants (PR) 
Pheidole megacephala 
Reimer 1988 
Purple loosestrife 
Lythrum salicaria 
Chrysomelidae 
Galerucella pusilla 
Galerucella calmariensis 
Coccinellidae (PR) 
Chrysopidae (PR) 
Wiebe and Obrycki 2002 
Wiebe and Obrycki 2004 
Sebolt and Landis 2004 
Denoth and Myers 2005 
Water chestnut Chrysomelidae 
Galerucella nympheae 
potentially 
Galerucella birmanica 
Coccinellidae 
Coleomegilla maculata (PR) 
Gerridae 
Gerris inseparatus (PR) 
Ding and Blossey 2005 
Parthenium hysterophorus Tortricidae 
Epiblema strenuana 
Braconidae 
Antrocephalus sp. (PS) 
Bracon sp. (PS) 
Dhileepan et al. 2005 
<o 
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CHAPTER 2. PREY SUITABILITY OF MYZUSLYTHRI AND GALERUCELLA 
CALMARIENSIS FOR THREE PREDATORY SPECIES 
A paper accepted in Environmental Entomology 
Bethzayda Matos1 and John J. Obrycki2 
ABSTRACT 
The suitability of Myzus lythri (Schrank) (Homoptera: Aphididae) and Galerucella 
calmariensis L. (Coleoptera: Chrysomelidae), herbivores of purple loosestrife, for 
preimaginal development and survival of Harmonia axyridis (Pallas) (Coleoptera: 
Coccinellidae), Coleomegilla maculata (DeGeer) (Coleoptera: Coccinellidae), and 
Chrysoperla carnea (Stephens) (Neuroptera: Chrysopidae) was quantified to provide a more 
complete understanding of predator-prey relationships in the purple loosestrife (Lythrum 
salicaria L.) system. Individual first or second instar predators were assigned to one of four 
diets; 1) a control diet— Acyrthosiphon pisum (Harris) (Homoptera: Aphididae) or a 
combination of A. pisum and Ephestia kuehniella Zeller (Lepidoptera: Pyralidae) eggs, 2) M 
lythri nymphs and adults, 3) G. calmariensis eggs, or 4) G. calmariensis larvae. Preimaginal 
survival of C. carnea was similar for all diets and ranged from 61-76% on G. calmariensis 
larvae, M lythri, and the control diet. Preimaginal survival of H. axyridis ranged from 27% 
on G. calmariensis larvae to over 80% on M. lythri and the control diet. Preimaginal survival 
of C. maculata was over 90% on M. lythri and the control diet. Harmonia axyridis larvae 
reared on G. calmariensis eggs and C. maculata larvae reared on G. calmariensis eggs or 
1 Author for Correspondence 
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larvae did not survive to the adult stage. Preimaginal development times of the three 
predatory species were 2 - 5 d longer on G. calmariensis larvae and M. lythri than on the 
control diets. Adult weights for the three predatory species were significantly reduced when 
reared on M. lythri and for H. axyridis when reared on G. calmariensis larvae. Myzus lythri is 
suitable prey for preimaginal survival of the three predatory species. Galerucella 
calmariensis larvae are highly suitable for development and survival of second instar to adult 
C. carnea and less suitable for H. axyridis. 
KEYWORDS 
Galerucella calmariensis, Lythrum salicaria, prey suitability, Myzus lythri, purple loosestrife 
INTRODUCTION 
Lythrum salicaria (purple loosestrife) was introduced in the early 1800's by European 
immigrants for herbal and medicinal uses (Thompson et al. 1987, Blossey et al. 2001). 
Lythrum salicaria has high fecundity and it has displaced more than 50% of the wetland 
biomass (Thompson et al. 1987, Blossey et al. 2001). Two chrysomelid species, Galerucella 
calmariensis L. and Galerucella pusilla Duftschmid (Coleoptera: Chrysomelidae), were 
introduced to North America to reduce densities of L. salicaria (Malecki et al. 1993, Blossey 
et al. 1994, Hight et al. 1995, Wiebe et al. 2001). Starting in 1994, releases of Galerucella 
species were made in northwest Iowa, where L. salicaria was very abundant (Wiebe et al. 
2001). Over 1.4 million Galerucella individuals have been released in selected wetlands in 
Iowa, but a consistent reduction in plant biomass has not been observed (Obrycki et al. 
unpublished data). 
In 1992, Myzus lythri (Schrank) (Homoptera: Aphididae) was observed feeding on L. 
salicaria in Indiana (Voegtlin 1995). This aphid species was reported in European surveys 
of natural enemies of L. salicaria, but was not considered for release in North America 
(Batra et al. 1986) because M. lythri has a host-alternating life cycle between L. salicaria and 
Prunus spp. (Voegtlin 1995). However, M. lythri was first recorded in North America in the 
early 1930s (Gillette and Palmer 1934, Voegtlin 1995) and this insect has been observed in 
Iowa (Matos unpublished data). In a greenhouse study, Voegtlin (1995) found that 3-month-
old and 2-year-old plants inoculated with M. lythri for several weeks had significantly lower 
root and shoot dry weight and survival than plants without aphids. Thus, considering such 
effects and its spread in the U. S., M. lythri could contribute as another biological control 
agent to the biological control of L. salicaria. 
Biotic interference of biological control of weed species occurs when existing natural 
enemies attack an introduced natural enemy, reducing levels of biological control (Goeden 
and Louda 1976, Nechols et al. 1996, Wiebe and Obrycki 2002). In a study in British 
Columbia, Denoth and Myers (2005) reported that the presence of predators was associated 
with decreased levels of defoliation of L. salicaria. In field and laboratory studies in 
Michigan, six adults of predatory species, including Coleomegilla maculata (DeGeer) 
(Coleoptera: Coccinellidae) and Harmonia axyridis (Pallas) (Coleoptera: Coccinellidae), 
attacked several life stages of G. calmariensis (Sebolt and Landis 2004). In field studies in 
Iowa, both immature and adult C. maculata and Chrysoperla carnea (Stephens) were 
observed to feed on Galerucella spp. eggs and larvae (Cortilet 1998, Wiebe and Obrycki 
2004). 
The objectives of this study were to quantify the prey suitability of: (1) M lythri 
nymphs and adults for development and survival of C. carnea, C. maculata, and H. axyridis, 
(2) G. calmariensis eggs for second, third, and fourth instars of H. axyridis and C. maculata, 
and (3) G. calmariensis larvae for development and survival of C. carnea, C. maculata, and 
H. axyridis. These predatory species were chosen because they are commonly found in 
wetlands infested with L. salicaria (Sebolt and Landis 2004, Wiebe and Obrycki 2004). 
MATERIALS AND METHODS 
Chrysoperla carnea were purchased from Rincon-Vitova Inc. (Fillmore, CA) and C. 
maculata and H. axyridis adults were collected from Story County, Iowa. Coleomegilla 
maculata and H. axyridis adults were maintained in 0.24 liter paper cages (Neptune Paper 
Products, Jersey City, NJ) in growth chambers (Model No. 1-30 BLL, Percival, Boone, IA) at 
24 ± 1°C with a photoperiod of 16:8 (L:D). Adults were fed pea aphids (Acyrthosiphon pisum 
(Harris) (Hemiptera: Aphididae)) until females laid eggs, which were collected daily. Adults 
and nymphs of M. lythri were reared on L. salicaria plants that were enclosed in cages in a 
greenhouse or growth chambers. Acyrthosiphon pisum were reared on faba bean plants ( Vicia 
faba L.) in a greenhouse. Every 3 d, G. calmariensis eggs and larvae were collected from L. 
salicaria-infested wetlands in central Iowa and kept in a refrigerator at approx. 4°C. 
The control diet for the coccinellid larvae was A. pisum, whereas C. carnea larvae 
were fed A. pisum and eggs of Ephestia kuehniella Zeller (Lepidoptera: Pyralidae) as a 
control diet (Kalaskar and Evans 2001, Wiebe and Obrycki 2002). The treatment diets were: 
(1) > 50 M. lythri, (2) > 15 G. calmariensis eggs, or (3) >5 G. calmariensis second-third 
instars. Fresh prey was provided every day. All predatory larvae were monitored daily from 
eclosion of first or second instar to adult. The preimaginal developmental time, percentage 
survival at each life stage, and adult weight were recorded for each individual. 
All experiments were conducted at 24 ± 1°C with a photoperiod of 16:8 (L:D). Each 
individual first or second instar was placed in a glass vial and randomly assigned to one of 
three or four treatments diets. Thirty H. axyridis first instars were started on each diet. Thirty-
eight second instar C. carnea were started in each treatment, except for G. calmariensis eggs. 
We started C. carnea on each treatment as second instars because these were purchased as 
first instars with food supplement to reduce cannibalism among C. carnea larvae (O'Neil et 
al. 1998). All C. carnea first instars were fed initially on angoumois grain moth (Sitotroga 
cerealella (Olivier) (Lepidoptera: Gelechiidae) eggs. When C. carnea molted to the second 
instar, the grain moth diet was replaced by the treatment diets. Galerucella calmariensis eggs 
were not used with C. carnea because a previous study had determined that G. pusilla eggs 
were suitable for preimaginal development of C. carnea (Wiebe and Obrycki 2002) and we 
hypothesized that development would be similar on G. calmariensis eggs. Thirty C. 
maculata were started on G. calmariensis larvae, and 30 C. maculata were started on M. 
lythri. Preliminary studies indicated that first-instar C. maculata did not survive on G. 
calmariensis eggs (Matos, unpublished data), thus 60 C. maculata were initially fed on A. 
pisum and after they molted to the second instar, 30 were switched to a diet of G. 
calmariensis eggs, and 30 remained on A. pisum. The same methodology was used with H. 
axyridis larvae. 
Results were analyzed using PROC GLM (SAS 2003) to examine the influence of 
diet on preimaginal developmental time and adult weight for each predatory species. Tukey 
Studentized Range (HSD) test was used to separate significantly different means of adult 
weights (SAS 2003). Fisher's exact test was used to examine effects of diet on survivorship 
(SAS 2003). Voucher specimens of G. calmariensis, M. lythri, C. carnea, C. maculata, and 
H. axyridis were deposited in the Iowa State University Insect Collection, Department of 
Entomology, Ames, IA. 
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RESULTS 
Chrysoperla carnea 
Seventy-six percent of C. carnea completed development on G. calmariensis larvae; 
61 % developed on M. lythri and 68% completed development on the control diet (P = 0.36) 
(Table 1). Developmental time from second instar to adult was significantly longer on G. 
calmariensis larvae (16 d) and M. lythri (21 d) compared to the control diet (14 d) (P < 
0.0001) (Table 1). Development time for the third instar was ca. 1.4 to 3.6 days longer for C. 
carnea reared on G. calmariensis larvae and M. lythri compared to the control diet. Adult 
weight of C. carnea reared on the control diet (8.8 mg) was similar to that of adults reared on 
G. calmariensis larvae (7.9 mg), but adults were significantly lighter when reared on M. 
lythri (3.5 mg) (P < 0.0001) (Table 2). 
Harmonia axyridis 
Only 27% of H. axyridis completed development on G. calmariensis larvae; 80% of 
H. axyridis survived on M. lythri and 87% on the control diet (Table 3). Harmonia axyridis 
larvae reared on G. calmariensis eggs did not develop beyond the second instar. 
Total preimaginal developmental time was significantly longer for H. axyridis reared 
on G. calmariensis larvae (20 d) and M. lythri (18 d) compared to H. axyridis reared on A. 
pisum (14 d) (P < 0.0001) (Table 3). Adults reared on A. pisum were heavier (31.6 mg) 
compared to H. axyridis reared on G. calmariensis larvae (18.8 mg) and M. lythri (20.9 mg) 
(P< 0.0001) (Table 2). 
Coleomegilla maculata 
Over 90% of C. maculata survived when reared on M. lythri and A. pisum. No C. 
maculata larvae survived when fed G. calmariensis eggs or larvae (Table 4). Preimaginal 
developmental time was longer for C. maculata fed M. lythri (16 d) compared to those fed 
the control diet (14 d) (P < 0.0001) (Table 4). Adults reared on A. pisum were heavier (10.2 
mg) compared to C. maculata reared on M. lythri (8.1 mg) (P < 0.0001) (Table 2). 
DISCUSSION 
This study demonstrated differential suitability of G. calmariensis larvae and M 
lythri for preimaginal development of three predatory species, C. maculata, H. axyridis and 
C. carnea. These species are polyphagous predators in many agricultural systems (Obrycki 
et al. 1997, Munyaneza and Obrycki 1998, Rosenheim et al. 1999, Athhan et al. 2004, 
Lanzoni et al. 2004). Prey suitability can be used as a measure of nutritional value of prey for 
predators. Several parameters are used to determine prey suitability, including developmental 
time, survival, adult weight, and female fecundity. Some prey species are consumed in the 
field, but nutritionally are not suitable for complete development of a predatory species 
(Hodek and Honëk 1996, Hagen 1987). Understanding prey suitability is important because 
when highly suitable prey are limited, a predator may switch to less suitable prey. In 
addition, a mixed prey diet can result in highly fecund females and increased predator 
survival (Phoofolo and Obrycki 1997). 
Prédation of Galerucella spp. in L. salicaria-infested wetlands has been observed and 
quantified (Wiebe and Obrycki 2004, Sebolt and Landis 2004). In addition, in no-choice 
tests, adults of several predatory species attacked G. calmariensis life stages and caused 5 to 
100% mortality (Sebolt and Landis 2004). However, only one previous study (Wiebe and 
Obrycki 2002) examined how consumption of Galerucella spp. affected preimaginal survival 
and development of predatory species. 
Survival of C. carnea on M. lythri was similar to that observed on the control diet of 
A. pisum and E. kuehniella eggs, indicating high prey suitability. However, C. carnea larvae 
reared on M. lythri and G. calmariensis larvae had longer developmental times compared to 
C. carnea reared on the control diets. Nevertheless, adult weight for C. carnea reared on G. 
calmariensis larvae was similar to C. carnea on the control diet. Previous studies have shown 
a range of prey suitability of aphid species for C. carnea larvae (Burke and Martin 1956, 
Principi and Canard 1984, Liu and Chen 2001). 
Percentage survival of C. carnea individuals reared on G. pusilla eggs was 37% 
(Wiebe and Obrycki 2002); in comparison, we observed that 76% of C. carnea reared from 
second instar on G. calmariensis larvae survived to adult stage. This two-fold increase in 
survival of C. carnea larvae may be related to differences in these experiments. 
First, different Galerucella species and life stages were used as prey in the experiments, and 
second, Wiebe and Obrycki (2002) started C. carnea as first instar on G. pusilla eggs, while 
we started C. carnea as second instar on G. calmariensis larvae. 
In the Wiebe and Obrycki (2002) study, survival of C. carnea from second instar to adult 
stage was 73% which is similar to what we observed when C. carnea fed on G. calmariensis 
larvae. Additionally, in our study, C. carnea reared on G. calmariensis larvae had an adult 
weight (7.9 mg) similar to C. carnea reared on the control diet (8.8 mg), whereas in the 
Wiebe and Obrycki (2002) study, C. carnea reared on G. pusilla eggs were lighter (4.7 mg) 
compared to the control diet (8.2 mg). However, in our study, C. carnea reared on G. 
calmariensis larvae had an adult weight (7.9 mg) similar to C. carnea reared on the control 
diet (8.8 mg), whereas in the Wiebe and Obrycki (2002) study, C. carnea reared on G. 
pusilla eggs were lighter (4.7 mg) compared to the control diet (8.2 mg). The differences in 
adult weight could be due to the different prey items (Galerucella spp. vs. control diet) given 
to the first instar and throughout the larval stages. Thus, these three measures of suitability 
(survival, development time, and adult weight) indicate that C. carnea is influenced by the 
Galerucella species, Galerucella spp. life stage, and at which C. carnea life stage the prey is 
first provided. 
Although H. axyridis occurs in wetlands infested with L. salicaria and will attack G. 
calmariensis eggs (Sebolt and Landis 2004), our study shows G. calmariensis eggs are not 
suitable for larval development and only 27% of H. axyridis individuals reared on G. 
calmariensis larvae completed preimaginal development. Our results complement those of 
the Sebolt and Landis (2004), who documented that G. calmariensis eggs are acceptable prey 
for H. axyridis adults but not suitable prey for larvae. Similarly, in a previous study, H. 
axyridis adults, consumed the hemlock woolly adelgid, Adelges tsugae Annand (Homoptera: 
Adelgidae), but larvae did not complete development on this prey (Butin et al. 2004). 
Development of H. axyridis on M. lythri is slower compared to H. axyridis on A. 
pisum, but it is comparable to development on Myzus persicae (Sulzer) (Homoptera: 
Aphididae). Lanzoni et al. (2004) observed that H. axyridis had longer preimaginal 
development and oviposition periods on M. persicae compared to two other species of 
Coccinellidae reared on M. persicae. In many studies aphid diets are usually optimal diets for 
H. axyridis (Lee and Kang 2004); however, not all aphid species are suitable prey for H. 
axyridis. For example, H. axyridis larvae fed only Brevicoryne bassicae (L.) (Homptera: 
Aphididae) or Megoura viciae Buckton (Homoptera: Aphididae) did not complete 
development (Tsaganou et al. 2004). 
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Our results are similar to previous studies that documented preimaginal development 
and survival of C. maculata on other chrysomelid eggs. Wiebe and Obrycki (2002) reported 
low preimaginal survival (5%) for C. maculata larvae reared on G. pusilla eggs. Similarly, 
low survival of C. maculata early instars was observed when fed eggs of the Colorado potato 
beetle (Leptinotarsa decemlineata (Say) (Coleoptera: Chrysomelidae) (Munyaneza and 
Obrycki 1998). However, when first and second instar C. maculata were offered A. pisum 
and then switched to L. decemlineata eggs, C. maculata developed at a rate comparable to C. 
maculata larvae fed A pisum only (Munyaneza and Obrycki 1998). 
In a 24 hr, no-choice laboratory study, Sebolt and Landis (2004) reported that C. 
maculata adults caused 75% mortality of G. calmariensis eggs, 85% mortality of G. 
calmariensis first instars, and 53% mortality of G. calmariensis second-third instars. In our 
study, C. maculata larvae did not survive to the adult stage when reared on G. calmariensis 
eggs and larvae. Our results are similar to Wiebe and Obrycki (2002) who observed that only 
5% of C. maculata larvae completed development to the adult stage when fed G. pusilla 
eggs. 
Compared to aphid species, chrysomelid eggs and early instars are less suitable for 
preimaginal development of several species of Coccinellidae (Hazzard and Ferro 1991, 
Kalaskar and Evans 2001). Development of C. maculata larvae was slower when reared on 
L. decemlineata eggs compared to the aphid prey, Myzus persicae, and survival was lowest 
on L. decemlineata eggs compared to M. persicae or corn pollen diets (Hazzard and Ferro 
1991). Similarly, even though II. axyridis first instars attacked and killed second and early 
third instars of the alfalfa weevil, Hypera postica (Gyllenhal) (Coleoptera: Curculionidae), 
individuals did not survive to the second instar compared to almost 100% survival of H. 
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axyridis larvae when reared on A. pisum (Kalaskar and Evans 2001). Harmonia axyridis 
fourth instars survived on weevil larvae, but adult weights were significantly lower for H 
axyridis reared on weevil larvae compared to H. axyridis reared on A. pisum (Kalaskar and 
Evans 2001). 
Our results indicate that G. calmariensis larvae are suitable prey for H. axyridis and 
C. carnea, but not suitable for C. maculata. A previous study obtained similar results with 
preimaginal development of C. maculata and C. carnea larvae on G. pusilla eggs (Wiebe and 
Obrycki 2002). Myzus lythri is highly suitable for the preimaginal survival and development 
of the three predatory species. In the L. salicaria system, these predatory species have the 
potential to interfere with the biological control of L. salicaria. Based on our study, we might 
predict that an increase in M. lythri populations on L. salicaria plants may initially reduce 
prédation of both Galerucella spp. life stages released for biological control of L. salicaria. 
However, over a longer time period, these predatory species may numerically respond to M. 
lythri populations, resulting in an increase in the numbers of predators present on L. salicaria 
plants. 
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Table 1. Preimaginal developmental time (mean ± SE; days) and survival of Chrysoperla carnea larvae reared on Galerucella 
calmariensis larvae, Myzus lythri or Acyrthosiphon pisum/ Ephestia kuehniella at 24 C, 16 L:8 D. 
Mean Days ± SE 
Prey Second Third Total Pupal Second to Preimaginal 
Instar Instar larval Adult survival % 
G. calmariensis larvae 
1.8 ± 0.2 4.9 ± 0.4 6.7 ± 0.4 9.3 ± 0.3 15.9 ±0.5 
N 34 33 33 29 29 76.3 
M. lythri 
3.7 ± 0.3 7.1 ±0.4 10.9 ± 0.5 10.0 ±0.1 21.0 ±0.4 
N 29 26 26 23 23 60.5 
A. pisum/E. kuehniella 
2.2 ± 0.3 3.5 ±0.2 5.3 ±0.2 9.2 ±0.1 14.4 ±0.2 
N 33 30 30 26 26 68.4 
df 2,95 2,88 2,88 2,75 2,75 
F value 13.9 27.5 58.7 4.2 71.1 
Pr > F <0.0001 <0.0001 <0.0001 0XH <0.0001 0.36§ 
* Chrysoperla carnea larvae were purchased as first instars and experimental diets were started as second instars. 
® Fisher's exact test 
Table 2. Adult weight (mean ± SE) of Chrysoperla carnea, Harmonia axyridis, and Coleomegilla maculata individuals fed 
Galerucella calmariensis larvae, Myzus lythri, or Acyrthosiphon pisum/ Ephestia kuehniella eggs. 
Adult weight (mg) 
(N) 
Prey C. carnea H. axyridis C. maculata 
G. calmariensis larvae 
M. lythri 
A. pisum/ E. kuehniella 
eggs 
7.9 ± 0.2 b 
(26) 
3.5 ± 0.1 a 
(22) 
8.8 ± 0.2 b 
(22) 
18.8 ± 0.5 a 
(8) 
20.9 ± 0.7 a 
(24) 
8.1 ± 0.3 a 
(27) 
A. pisum 32.2 ± 0.5 b 
(28) 
10.2 ± 0.3 b 
(27) 
* Means within a column followed by the same letter are not significantly 
different (P < 0.05; Tukey Studentized Range (HSD) test). 
Table 3. Preimaginal developmental time (mean ± SE; days) and survival of Harmonia axyridis larvae reared on Galerucella 
calmariensis larvae, Myzus lythri, or Acyrthosiphon pisum at 24 C, 16 L:8 D. 
Mean days ± SE 
Prey First Second Third Fourth Total Pupal Total Preimaginal 
Instar Instar Instar Instar larval immature survival % 
G. calmariensis larvae 
2.6 ± 0.4 3.4 ± 0.3 3.3 ± 0.3 6.6 ± 0.5 15.6 ± 0.6 4.4 ± 0.2 20 ± 0.5 
N 21 16 11 8 8 8 8 26.7 
M. lythri 
2.0 ± 0 1.2 ± 0.1 3.2 ± 0.2 6.8 ± 0.3 13.3 ±0.2 4.6 ±0.1 17.8 ±0.2 
N 30 27 25 24 24 24 24 80.0 
A. pisum 
2.0 ± 0.1 1.7 ± 0.2 1.6 ± 0.1 3.6 ± 0.2 8.9 ± 0.1 4.8 ± 0.1 13.7 ± 0.1 
N 28 27 27 26 26 26 26 86.7 
df 2,76 2,67 2,60 2,55 2,55 2,55 2,55 
F value 2.7 44.9 32.4 57.1 180 2.1 241.4 
Pr > F 0.07 <0.0001 <0.0001 <0.0001 <0.0001 0.13 <0.0001 <0.0001* 
* Fisher's exact test 
Table 4. Preimaginal developmental time (mean ± SE; days) and survival of Coleomegilla maculata larvae reared on Galerucella 
calmariensis eggs and larvae, and Acyrthosiphonpisum at 24 C, 16 L:8 D. 
Mean days ± SE 
Prey First Second Third Fourth Total Pupal Total Preimaginal 
Instar Instar Instar Instar larval immature survival % 
G. calmariensis eggs 
2.4 ± 0.2 1 ± 0 —^ 
N - 21 1 — — — — 0 
G. calmariensis larvae 
3.7 ± 0.4 5.5 ±0.5 ~§ 
N 13 2 — — — — — 0 
M. lythri 
2.4 ± 0.2 2.5 ± 0.2 2.7 ± 0.2 4.4 ±0.2 11.9 ±0.2 4.3± 0.1 16.3 ±0.3 
N 29 28 27 27 27 27 27 90.0 
A. pisum 
2.3 ± 0.2 2.3 ±0.2 2.0 ± 0.1 4.3 ±0.1 10.8 ±0.2 3.4 ±0.1 14.1 ± 0.1 
N 30 28 28 28 28 28 28 93.3 
df 2,96 3,75 2,52 1,52 1,52 1,52 1,52 
F value 11.74 7.57 3.82 1.08 34.19 3.86 41.7 
Pr > F <0.0001 0.0002 0.03 0.3 <0.0001 0.05 <0.0001 1# 
Table 4. (continued). 
First instars were fed A. pisum, second instars were switched to G. calmariensis 
No survival of C maculata larvae 
Fisher's exact test 
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CHAPTER 3. TROPHIC INTERACTIONS AMONG TWO HERBIVOROUS 
INSECTS FEEDING ON LYTHRUM SALICARIA, GALERUCELLA CALMARIENSIS 
AND MYZUS LYTHRI AND TWO INSECT PREDATORY SPECIES, HARMONIA 
AXYRIDIS AND CHRYSOPERLA CARNEA 
A paper submitted to Biological Control 
Bethzayda Matos and John J. Obrycki 
ABSTRACT 
The effects of Galerucella calmariensis and Myzus lythri feeding on Lythrum salicaria were 
measured in the presence of two predatory species, Harmonia axyridis and Chrysoperla 
carnea. A greenhouse cage experiment examined the direct effects of the predators on these 
herbivores and indirect effects of prédation on plant parameters. The hypothesis tested was 
that two herbivore species would reduce plant growth but in the presence of predators, 
herbivory would be reduced. Eight treatment combinations with G. calmariensis, M. lythri, 
H. axyridis and C. carnea were applied to caged L. salicaria. The experiment ended when G. 
calmariensis adults were observed (lid after release of G. calmariensis first instars). 
Galerucella calmariensis larvae removed significant amounts of leaf tissue and reduced the 
number of leaves. Predators did not reduce levels of leaf tissue removed by G. calmariensis. 
Chrysoperla carnea had no effect on G. calmariensis survival, but H. axyridis reduced G. 
calmariensis survival in the presence of M. lythri. Both predators reduced the survival of M. 
lythri. At least one of the three individuals of each predatory species released in a cage 
survived, indicating that prédation occurred within the cages. Our study shows that multiple 
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herbivores (G. calmariensis and M. lythri) do not have additive effects on L. salicaria and 
although prédation occurred within the cages, the presence of these predators did not 
indirectly benefit the plant parameters measured. 
KEYWORDS 
trophic cascade, Lythrum salicaria, Galerucella calmariensis, Myzus lythri, Chrysoperla 
carnea, Harmonia axyridis 
INTRODUCTION 
Lythrum salicaria (purple loosestrife) is an invasive weed with high fecundity that 
displaces native vegetation (Thompson et al., 1987; Balogh and Bookhout, 1989; Blossey et 
al., 2001). In the early 1990s, two herbivorous insects, Galerucella calmariensis L. and 
Galerucella pusilla Duftschmid (Coleoptera: Chrysomelidae), were introduced in North 
America to reduce L. salicaria density (Hight et al., 1995). Since 1994, more than 1.4 
million individual Galerucella spp. have been released in Iowa wetlands (J.J. Obrycki, 
unpublished data). In a field cage study, Cortilet (1998) demonstrated that the percentage 
defoliation and terminal bud damage of L. salicaria increased with increasing G. 
calmariensis larval density. After 47 d, 50 G. calmariensis larvae caused 25% defoliation and 
more than 20 terminal buds per stem were damaged (Cortilet, 1998). In a second cage study, 
ten L. salicaria plants were enclosed in individual cages for 35 d with G. pusilla larvae, 
causing 14% defoliation (Wiebe, 2001). Katovich et al. (1999) released 50 Galerucella spp. 
adults and larvae in enclosed L. salicaria plants for two months causing an average of 86% 
defoliation. 
Although Myzus lythri (Schrank) (Homoptera: Aphididae) was first recorded in the 
1930s (Gillette and Palmer, 1934; Voegtlin, 1995) it was observed feeding on L. salicaria in 
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Indiana in 1992 (Voegtlin, 1995). In a greenhouse study, significantly lower dry weight of 
roots and shoots were observed for plants infested with M. lythri, compared to plants without 
aphids (Voegtlin, 1995). 
These previous studies have shown negative effects on L. salicaria when either M 
lythri (Voegtlin, 1995) or G. calmariensis are the only herbivorous species (Cortilet, 1998; 
Wiebe, 2001; Katovich et al., 1999; Landis et al., 2003; Denoth and Myers, 2005). However, 
to our knowledge no studies have examined interactions of G. calmariensis and M. lythri on 
L. salicaria. A previous discussion of the potential for biological control of L. salicaria 
predicted that combinations of insect herbivores would have a greater negative effect on L. 
salicaria than single herbivorous species (Malecki et al., 1993). Interspecific interactions of 
these herbivores on L. salicaria would allow us to understand if an additive effect reduces L. 
salicaria biomass or if interspecific competition between the herbivores inhibits reduction of 
L. salicaria. In biological control, these interactions are considered when multiple natural 
enemy species are introduced into a new habitat. Multiple agents are believed to increase 
cumulative stress on weeds (Myers, 1985). Competing insects located in the same areas of 
the plant, increase destruction of the plant, thus reducing plant growth (Harris, 1981). 
Predator-prey interactions have the potential to be detrimental to suppression of L. 
salicaria through trophic cascades. A trophic cascade occurs when top predators have an 
indirect influence on the abundance of plant species (Schmitz et al. 2000). A field study in 
Sweden, demonstrated that defoliation of L. salicaria by G. calmariensis is higher when 
fewer predators are present (Hamback et al., 2000). These results indicated that G. 
calmariensis abundance is affected by prédation by lady beetles (Hamback et al., 2000). In 
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wetlands infested with L. salicaria, prédation has been reported on Galerucella spp. eggs and 
larvae (Sebolt and Landis, 2004; Wiebe and Obrycki, 2004). 
A laboratory study determined G. calmariensis larvae and M. lythri adults and 
nymphs to be suitable prey for preimaginal development of Chrysoperla carnea (Stephens) 
(Neuroptera: Chrysopidae) and Harmonia axyridis Pallas (Coleoptera: Coccinellidae) (Matos 
and Obrycki, Chapter 2). Myzus lythri was highly suitable for H. axyridis and C. carnea 
(survival of 80% and 61%, respectively), whereas G. calmariensis was highly suitable for C. 
carnea (survival of 76%), but less suitable for H. axyridis (survival of 27%) (Matos and 
Obrycki, Chapter 2). We hypothesize that caging both herbivorous species (G. calmariensis 
and M. lythri) and one predator species on L. salicaria will allow the predator to reduce one 
of the herbivores, allowing the other herbivore species within the same cage to reduce plant 
growth (Fig. 1). 
The objectives of this study were to determine if (1) two herbivorous species (G. 
calmariensis and M. lythri) have an additive negative effect on selected plant measurements 
and 2) prédation of herbivores reduces the effects of herbivory on L. salicaria causing an 
indirect effect on the plant. 
MATERIALS AND METHODS 
Insect cultures 
Galerucella calmariensis adults and M. lythri adults and nymphs were reared on L. 
salicaria plants; Acyrthosiphon pisum (Harris) (Hemiptera: Aphididae) (pea aphids) were 
reared on faba beans, Vicia faba L. All rearing was done on plants enclosed in cages in the 
Iowa State University Department of Entomology greenhouse and growth chambers at 25 ± 
5°C 16:8 h (L:D). 
Chrysoperla carnea were purchased from Rincon-Vintova Inc. (Ventura, CA) and H. 
axyridis adults were collected from Story County, Iowa. Harmonia axyridis adults were 
maintained in 0.24-liter paper cages (Neptune Paper Products, Jersey City, NJ) in growth 
chambers (Model No. 1-30 BLL, Percival, Boone, IA) at 24 ± 1°C with a photoperiod of 16:8 
(L:D). Adults were fed pea aphids, A. pisum, until females laid eggs, which were collected 
daily. 
Experimental design 
Previous studies provided the basis for our experimental design (Voegtlin, 1995; 
Cortilet, 1998; Wiebe, 2001; Finke and Denno, 2004; Matos, unpublished data). The 
experimental design was an incomplete block design with eight treatments and five 
replicates. Seven of the eight treatments were randomly selected and assigned to an 
individual potted plant in a wading pool (diameter: 1 m, height: 0.3 m) filled with water to a 
depth of 0.10 m that served as a replication. The remaining treatments (five potted plants 
from the five replications) were placed in a sixth pool, thereby creating an incomplete block. 
In the sixth pool, two additional potted plants were placed to create a pool environment 
similar to the other five pools with seven potted plants. 
In early June 2004, L. salicaria seeds were planted in SunGro Sunshine LCI Mix® 
and maintained in a greenhouse at 25 ± 5°C 16:8 h (L:D). When L. salicaria plants reached a 
height of 0.6 ± 0.03 m, each of 42 seedlings were transplanted into single 5-gallon pots and 
enclosed in mesh cages (1.2 m x 0.7 m) (No-See-Um netting, Balsom Hercules Group, 
Providence, RI) supported by tomato cages. 
These treatments were selected because in a previous laboratory study, G. 
calmariensis and M. lythri were suitable prey for the development and survival of H. axyridis 
and C. carnea (Matos and Obrycki, Chapter 2), thus these predators would feed and survive 
on these prey species. In addition due to logistical accommodation of the experimental units, 
we selected out of all the possible combinations, eight treatments. One plant in each block 
was randomly assigned to one of eight treatments: no insects (control), ~ 100-150 M. lythri 
(herbivore) adult and nymphs, 100 G. calmariensis (herbivore) 1st instars, ~ 100-150 M. 
lythri adult and nymphs + 100 G. calmariensis 1st instars, ~ 100-150 M. lythri adult and 
nymphs + 3 Harmonia axyridis (predator 1) second instars, 100 G. calmariensis 1st instar 
larvae + 3 Chrysoperla carnea (predator 2) second instar, ~ 100-150 M. lythri adult and 
nymphs + 100 G. calmariensis 1st instars + 3 H. axyridis second instars, and ~ 100-150 M. 
lythri adult and nymphs, 100 G. calmariensis 1st instars + 3 C. carnea second instars. The 
experiment concluded when G. calmariensis adults eclosed, because plant measurements 
were taken in response to G. calmariensis larval feeding. 
Parameters measured 
The number of herbivores and predators in each cage was counted at the end of the 
experiment. Myzus lythri infested plants for 25 days, G. calmariensis first instars were 
released in their respective treatment cages 2 d before the predator and infested plants for 11 -
13 d and predator were in cages for 9-11 days. 
Five plant measurements of L. salicaria were used to determine effect of treatments: 
number of leaves, above the ground biomass, internode length, leaf tissue removed, and total 
leaf area. Aboveground dry biomass was determined by harvesting all live aboveground 
vegetation, which was dried in an oven for 7 d at 55°C and then weighed. Total leaf area and 
percentage defoliation (leaf tissue removed) were measured at the end of the experiment 
using Adobe® Photoshop® (version 7.0). Multiple leaves were scanned into a digital format 
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using Hewlett Packard Scanjet 4600 series digital flatbed scanners® (Palo Alto, CA) with HP 
Photo & Imaging Gallery Software (1996-2002) (version 1.1, images scanned at 600 dpi). 
Our technique is similar to O'Neal et al. (2002) who determined that a flatbed scanner is an 
accurate and precise tool for leaf area measurement. Two copies of the original images were 
made. To show the difference in leaf tissue removal, the area removed from a leaf in the 
copied image was filled with black pixels. The area was measured using the histogram option 
(selected from the Image menu in Adobe Photoshop®). The original scanned image was 
subtracted from the filled image to estimate the total leaf area removed (TLAR). The TLAR 
was then divided by the total leaf area, and multiplied by 100 to estimate the percentage 
defoliation. Raw pixels were converted to pixels/cm 2. 
Data analysis 
The herbivore-plant and predator-prey effects on number of leaves, internode lengths, 
leaf area measured, leaf tissue removal, and aboveground dry biomass of L. salicaria were 
each analyzed independently with mixed-model analyses of variance in which a block 
(replication) was modeled as a random source of variation (SAS 2003). Subsequently, the 
following contrasts were used to examine the effects of herbivory (control vs. G. 
calmariensis, control vs. M. lythri), interaction of herbivores (control vs. M. lythri + G. 
calmariensis, G. calmariensis vs. M. lythri + G. calmariensis, and M. lythri vs. M. lythri + G. 
calmariensis), prédation on herbivores (G. calmariensis vs. C. carnea + G. calmariensis, M. 
lythri vs. H. axyridis + M. lythri, G. calmariensis + M. lythri vs. G. calmariensis + M. lythri 
+ predator), and predator effect on plant (control vs. herbivores + predator). To determine 
effects on herbivore survival, means separation was done using LSD statistic test (SAS 
2003). 
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RESULTS 
Herbivore - plant interactions 
The most leaf tissue removed occurred in the G. calmariensis alone treatment (927.4 
± 305.3 cm2; mean ± SE) (Table 1). Galerucella calmariensis removed significant amount of 
leaf tissue when compared to the control treatment (P <0.0001; Table 2). Over 50% 
defoliation was measured in L. salicaria plants with G. calmariensis only. Galerucella 
calmariensis reduced the number of leaves compared to the control treatments (P < 0.0001; 
Table 2). Myzus lythri did not affect internode length (P = 0.27; Table 2). Plants infested 
with M. lythri had more leaves compared to the M. lythri + G. calmariensis treatment (P = 
0.0014; Table 2). 
Two - herbivore interactions 
Over 29% of G. calmariensis and a mean of 93.9 M. lythri per 12 leaves sampled 
from each plant survived in the M. lythri + G. calmariensis treatment (Table 3). Total G. 
calmariensis and M. lythri surviving were similar to treatments in which each individual 
herbivore was alone. The results indicated that neither herbivore species influenced the 
survival of the other. 
Herbivore - Predator interactions 
The combination of herbivores + predator treatments reduced leaf area compared to 
the no insect treatment (P = 0.02; Table 2). Galerucella calmariensis did not reduce the 
number of leaves in the G. calmariensis treatment compared to the G. calmariensis + C. 
carnea treatment (P = 0.05). The presence of predators affected survival of herbivores but 
had no effect on plant measurements. Over 20% of G. calmariensis survived in the G. 
calmariensis + C. carnea treatment (Table 3), which is similar to the G. calmariensis alone 
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treatment. When both herbivores were in the same cage with C. carnea, G. calmariensis 
survival was unaffected (Table 3). Galerucella calmariensis survival in the M. lythri + G. 
calmariensis + H. axyridis treatment was significantly less (12.4%) than in the M. lythri + G. 
calmariensis treatment (29.6%) (Table 3). The lowest survival of M. lythri (2.2 per 12 leaves 
per plant) was observed in the M. lythri + G. calmariensis + H. axyridis treatment. 
Plant-Predator interactions 
At least one of the three predators released in each cage survived, indicating that 
prédation occurred within the cages. At the end of the experiment, the predators were either 
in their pupal stage or last instar. The presence of predators did not affect any plant 
measurement (Table 2). 
DISCUSSION 
Our findings have several implications for the understanding of multitrophic 
interactions associated with L. salicaria. First, multiple herbivores (G calmariensis and M 
lythri) did not have an additive effect on suppression of L. salicaria. Second, two predatory 
species (C. carnea and H. axyridis) decreased M. lythri survival. Harmonia axyridis reduced 
G. calmariensis survival when M. lythri was present. Finally, predator presence did not 
indirectly benefit the plant parameters measured. 
Several studies have attempted to determine if multiple species of herbivores increase 
the success of weed biological control projects (Denoth et al., 2002). In the biological control 
program of invasive weed species, Lantana camara L., temporally separated biocontrol 
agents [(Teleonemia scrupulosa Stal (Hemiptera: Tingidae) during summer months and three 
species of Lepidoptera during winter months], contributed to suppression of the weed 
(Andres and Goeden, 1971). In some cases multiple herbivores species do not increase levels 
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of biological control (Myers, 1985; Hunt-Joshi and Blossey, 2005). In a 4-year field cage 
study, there was no increase in damage to L. salicaria when two spatially separated 
herbivores (G. calmariensis and Hylobius transversovittatus Goeze (Coleoptera: 
Curculionidae), a root feeding weevil) were present (Hunt-Joshi and Blossey, 2004). By 
itself, G. calmariensis reduced L. salicaria height, reproductive ability, and aboveground 
biomass whereas H. transversovittatus increased mortality of actively growing stems and 
thinned L. salicaria stands (Hunt-Joshi and Blossey, 2004). However, in combined herbivore 
treatments, no increased suppression of L. salicaria was observed (Hunt-Joshi and Blossey, 
2004). In our study, an additive effect due to multiple herbivores (G. calmariensis and M. 
lythri) on L. salicaria was not observed because M. lythri alone did not reduce any of the 
plant characteristics we assessed. The plant parameter used to measure M. lythri herbivory 
was not different from the control (no insect) treatment. 
From our study we can conclude that negative interactions among herbivores did not 
explain the lack of additive effect on reducing L. salicaria because in the absence of 
predators, survival of these herbivores was not affected by the presence of the other 
herbivorous species. Previous studies examined coexistence of G. calmariensis and G. 
pusilla on L. salicaria (Blossey, 1995) and interactions of spatially separated H. 
transversovittatus, root-feeding weevil, and G. calmariensis on L. salicaria plants (Hunt-
Joshi and Blossey, 2005). Although G. pusilla and G. calmariensis adults aggregate at the 
same sites and use the same host plant, these herbivorous species have identical competitive 
abilities and coexist (Blossey, 1995). Root herbivory by H. transversovittatus did not affect 
G. calmariensis-, in contrast, G. calmariensis herbivory negatively affected H. 
transversovittatus larval survival (Hunt-Joshi and Blossey, 2005). Survival of each herbivore 
was similar when alone or when both species of herbivore were present in the same cage. 
Although specialist predators and parasites are eliminated in the quarantine process 
before release (Harley and Fomo, 1992), naturally occurring generalist natural enemies in the 
release habitats have the potential to reduce establishment and success of the introduced 
herbivores (Goeden and Louda, 1976). In our study we chose species of generalist predators 
that are found in L. salicaria-infested wetlands (Sebolt and Tandis, 2004; Wiebe and 
Obrycki, 2004). Our results showed that survival of G. calmariensis in the treatment cages 
was not reduced by the presence of predators, except when H. axyridis and M. lythri were 
present. In a previous study, G. calmariensis was suitable for preimaginal development and 
survival of C. carnea and H. axyridis (Matos and Obrycki, Chapter 2). However, in the 
present study, C. carnea did not reduce G. calmariensis numbers compared to when G. 
calmariensis was alone. In a previous study, neonate G. calmariensis hid inside L. salicaria 
shoot tips to avoid prédation (Sebolt and Tandis, 2002). In the presence of the predator 
Coleomegilla maculata, G. calmariensis neonate survival was higher in L. salicaria shoot 
tips (70%) than neonates exposed on L. salicaria leaves (7.1%) (Sebolt and Tandis, 2002). A 
shift in behavior of herbivores or predators may alter the occurrence of a trophic cascade 
(Schmitz et al., 1997). 
Higher prey suitability of M. lythri was observed compared to G. calmariensis larvae 
for H. axyridis (Matos and Obrycki, Chapter 2). In our current study, we assume that M. 
lythri supplemented the low nutritional quality of G. calmariensis for H. axyridis 
development and survival. Similarly to G. calmariensis, M. lythri is found on leaves and 
stems and this may have created an opportunity for H. axyridis to attack G. calmariensis. 
Sebolt and Landis (2004) showed that H. axyridis attack rates of G. calmariensis first to third 
instars ranged from 60 to 100%. Our study showed higher G. calmariensis mortality when 
M. lythri was present and preyed upon by H. axyridis compared to mortality when H. 
axyridis was absent. Because we did not include a treatment with only G. calmariensis + H. 
axyridis, this treatment design did not determine whether the presence of M. lythri influenced 
prédation of G. calmariensis. 
Myzus lythri survival was significantly reduced in the presence of the predators. 
Myzus lythri did not reduce internode length; however, internode length was shorter in the M. 
lythri + H. axyridis treatment than in the M. lythri alone treatment. Possibly M. lythri altered 
its behavior in the presence of H. axyridis and this behavior resulted in M. lythri moving to 
more protected sites where the feeding was detrimental to internode length. 
Chrysoperla carnea and H. axyridis did not indirectly benefit the growth of L. 
salicaria. Although H. axyridis caused G. calmariensis and M. lythri mortality and C. carnea 
caused M. lythri mortality, herbivory was not significantly reduced in this greenhouse cage 
study. During a 4-year field study, an opportunistic predator Plagiognathus politis 
(Hemiptera: Miridae) consumed large numbers of G. calmariensis eggs and young larvae 
(Hunt-Joshi et al., 2005). However, after the second and third season, G. calmariensis 
populations increased levels that caused significant defoliation (Hunt-Joshi et al., 2005). 
Hunt-Joshi et al. (2005) suggested that a more controlled experiment where predators and 
herbivore population levels were manipulated could result in a strong trophic cascade effect. 
Our study was a controlled short term experiment where herbivore and predator levels were 
manipulated, but we did not show that two generalist predators have an indirect positive 
effect on L. salicaria measured parameters. 
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Chrysoperla carnea Harmonia axyridis 
G. calmariensis + M. lythri Myzus lythri Galerucella calmariensis 
Lythrum salicaria 
Fig. 1. Conceptual model of multitrophic interactions in the Lythrum salicaria system. The 
first trophic level is Lythrum salicaria; second trophic level includes the herbivores, 
Galerucella calmariensis and Myzus lythri, whereas the third trophic level includes the 
predators; Harmonia axyridis, and Chrysoperla carnea. Arrows indicate direction of effect 
between organisms (dotted line equals indirect effect; solid line equals direct effects; plus 
sign means additive effect). 
Table 1. The effect of Galerucella calmariensis and Myzus lythri (herbivores) in the presence of two predatory species on 
Lythrum salicaria (mean ± SE) for eight treatments in a greenhouse study. 
Number Internode Leaf area Dry aboveground 
Treatments of leaves Length cm removed cm2 biomass weight g 
Control 508.0 ± 146.5 4.3 ± 0.3 6.4 ± 6.4 13.4 ±4.9 
M lythri (herbivore) 457.4 ± 102.8 4.0 ±0.2 
— 
10.8 ±2.9 
G. calmariensis (herbivore) 163.2 ±80.2 a 927.4 ± 305.3 7.2 ±2.8 
M. lythri + G. calmariensis 340.6 ±120.6 3.7 ± 0.2 219.8 ± 14.5 12.7 ±4.2 
M. lythri + H. axyridis (predator) 349.7 ± 75.9 3.2 ±0.1 
— 
6.9 ± 1.2 
G. calmariensis + C. carnea (predator) 211.4 ±50.9 — 149.2 ± 16.2 6.9 ± 1.8 
M. lythri + G. calmariensis + H. axyridis 372.6 ±90.8 4.1 ±0.1 220.6 ±60.1 8.4 ± 2.2 
M. lythri + G. calmariensis + C. carnea 304.2 ± 110.1 4.3 ±0.2 610.4 ±462.5 16.8 ±9.9 
Myzus lythri (M lythri; herbivore), Galerucella calmariensis (G. calmariensis', herbivore), 
Harmonia axyridis (H. axyridis; predator), Chrysoperla carnea (C. carnea\ predator) 
a (--) parameter was not measured for this treatment 
Table 2. Probability values for a priori single degree-of-freedom linear contrasts of plant parameters. 
Dry 
Number Internode Leaf Leaf area aboveground 
of leaves Length area removed biomass wt 
Contrast 
Control vs G. calmariensis <0.0001 * a 0.03 * <0.0001* 0.18 
Control vs M lythri 0.68 0.27 0.59 
— 
0.33 
Control vs M. lythri + G. calmariensis 0.0041 * 0.18 0.21 <0.0001* 0.63 
Control vs Herbivores + Predators 0.83 0.09 0.02 * <0.0001* 0.22 
G. calmariensis vs M. lythri + G. calmariensis 0.10 
— 
0.31 0.78 0.31 
M. lythri vs M. lythri + G. calmariensis 0.0014 * 0.91 0.48 — 0.74 
G. calmariensis vs C. carnea + G. calmariensis 0.05 — 0.55 0.08 0.85 
M. lythri vs H. axyridis + M. lythri 0.21 0.11 0.15 — 0.38 
Both herbivores vs Both herbivores + Predators 0.0031 * 0.90 0.74 0.80 0.82 
ON 
Table 2. (continued) 
Myzus lythri (M. lythri-, herbivore), Galerucella calmariensis (G. calmariensis-, herbivore), 
Harmonia axyridis (H. axyridis-, predator), Chrysoperla carnea (C. carnea-, predator) 
* Significant differences ( P < 0.05) 
a (--) parameter was not measured for this contrast. 
—] 
o 
Table 3. Percentage Survival (SE) of Galerucella calmariensis and Mean survival (SE) of Myzus lythri 
alone and in the presence of an individual predator. 
Treatments 
% Survival of 
Galerucella 
Myzus survival 
per 12 leaves per plant 
M lythri 
G. calmariensis 
M. lythri + G. calmariensis 
M. lythri + H. axyridis 
G. calmariensis + C. carnea 
M. lythri + G. calmariensis + H. axyridis 
M. lythri + G. calmariensis + C. carnea 
21.2(4.1) ab 
29.6(4.5) a 
20.8(4.1) ab 
12.4(4.1) b 
20.7(4.5) ab 
158.1 (30.1) a 
93.9(30.0) ab 
48.3 (33.0) b 
2.2 (34.6) b 
54.7(30.1) b 
Myzus lythri (M. lythri; herbivore), Galerucella calmariensis (G. calmariensis', herbivore), 
Table 3. (continued) 
Harmonia axyridis (H. axyridis; predator), Chrysoperla carnea (C. carnea; predator) 
Means followed by the same letters within a column are statistically different (P< 0.05) according to 
LSD multiple comparison of means 
Numbers in parentheses are standard errors 
CHAPTER 4. FIELD EVALUATION OF MORTALITY OF GALERUCELLA 
CALMARIENSIS PREIMAGINAL LIFE STAGES AND PUPAL SURVIVAL 
A paper to be submitted to Biological Control 
Bethzayda Matos and John J. Obrycki 
ABSTRACT 
To understand survival of Galerucella calmariensis preimaginal life stages in wetlands, 
which influence levels of biological control of purple loosestrife, Lythrum salicaria L., we 
sampled G. calmariensis for two years in two Iowa wetlands. Site 1 is a wildlife conservation 
area that has been invaded by L. salicaria. At Site 2, in contrast, L. salicaria was 
intentionally planted as a food source for honey bees. At each site, we randomly collected 15 
to 19 L. salicaria stems surrounded by water and not surrounded by water for a total of 30 
stems per site per sample date. At each site, partial life tables were constructed for egg, first 
instar, second-third instar, and adult G. calmariensis life stages. Mortality from egg to 
second-third instar was similar for L. salicaria surrounded by water and not surrounded by 
water, thus data were pooled to create a partial life table for each site. Mortality from egg to 
second-third instar was high at both sites (99.9% at Site 1 (2003 and 2004) and 99.8% at Site 
2 (2004)). At Site 1, egg prédation was below 3.1%, whereas at Site 2, egg prédation was 
below 1%. The highest stage-specific mortality (99.2% at Site land 96.8% at Site 2) occurred 
during the second-third instar. 
Eighty-six pupae were collected within the stems of L. salicaria plants surrounded by 
standing water. No pupae were found within the stems of L. salicaria in dry areas. This is the 
first report of G. calmariensis pupae within L. salicaria stems. In a laboratory study, three 
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soil moisture treatments (0, 30, and 60% soil moisture) were used to determine soil moisture 
effects on G. calmariensis eclosion. No eclosion was observed from the 60% soil moisture 
treatment. More adults eclosed from the 30% soil moisture treatment compared to the 0% 
soil moisture treatment. The number of days to eclosion was similar. 
KEYWORDS 
Galerucella calmariensis, Lythrum salicaria, life table, pupal survival, soil moisture 
INTRODUCTION 
Galerucella calmariensis L. and Galerucella pusilla Dufts. (Coleoptera: 
Chrysomelidae) was introduced into North America for biological control of Lythrum 
salicaria (purple loosestrife) (Malecki et al., 1993). In 1994, a biological control project 
program was initiated in Iowa to rear and release Galerucella species in the northwest area of 
the state, where L. salicaria was very abundant (Wiebe and Obrycki, 2001). Over 1.4 million 
Galerucella beetles have been released in different wetlands throughout Iowa (Cortilet, 1998; 
Wiebe et al., 2001, Obrycki, unpublished data). 
In 3 of 5 sites in Germany, Galerucella spp. caused high plant mortality, reduced 
shoot growth, suppressed flowering and reduced seed output to < 1% (Blossey, 1995). In 
release sites in North America, success of biological control of L. salicaria has varied. For 
example, in several Michigan release sites, G. calmariensis has caused 100% defoliation, but 
in other sites, L. salicaria was not affected by G. calmariensis (Landis et al., 2003). In Iowa 
L. salicaria infested wetlands, a consistent reduction has not been observed after releases of 
Galerucella spp., because stem density and mean height of L. salicaria has been reduced, but 
a reduction in plant biomass has not been observed (Obrycki, unpublished data). Two 
possible hypotheses to explain the varied success of biological control agents released for 
biological control of L. salicaria throughout North America are biotic interference (Wiebe 
and Obrycki 2004; Sebolt and Landis, 2004; Denoth and Myers, 2005) and landscape 
features because L. salicaria will grow in areas completely surrounded by water or in drier, 
prairie-like areas with no standing water. These habitats may influence abundance and 
mortality associated with different life stages of G. calmariensis. (Denoth and Myers, 2005). 
In this study we examine, egg prédation and numbers of G. calmariensis on L. salicaria 
surrounded by water and L. salicaria not surrounded by water. 
A life table study can be used as a summary of factors affecting natural insect 
populations (Price, 1975). It is a record of survival and mortality factors in a population 
broken out by age, size, or developmental stage (Donovan and Welden, 2002). To our 
knowledge, a life table study of G. calmariensis has not been conducted in North America. A 
three-year phenology study summarized the life cycle of an established population of G. 
calmariensis in Virginia, (McAvoy et al., 1997), but abiotic and biotic mortality factors that 
may have influenced the life stages of G. calmariensis were not included. 
Previous studies have examined abiotic and biotic mortality factors affecting the egg, 
larval, and pupal stages of Galerucella spp. (Hight et al, 1995; Sebolt and Landis, 2004, 
Wiebe and Obrycki 2004, McAvoy and Kok, 2004; Denoth and Myers, 2005). The main 
factors affecting the egg stage are prédation in the field (Wiebe and Obrycki, 2004), an 
undetermined fungal infection, and desiccation in laboratory rearing (McAvoy and Kok, 
2004). Chewing prédation accounted for over 50% of attacks of G. pusilla eggs in five Iowa 
wetlands (Wiebe and Obrycki, 2004). In Michigan, 10 to 27% of G. calmariensis egg masses 
were chewed upon (Sebolt and Landis, 2004). Studies on G. pusilla and Galerucella 
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nymphaeae L. (Coleoptera: Chrysomelidae) have not observed insect parasitoids (Nechols et 
al., 1996; Wiebe and Obrycki, 2004). 
In coastal wetlands in British Columbia, abiotic factors, e.g. tidal fluctuations, are 
detrimental to survival of G. calmariensis larvae (Denoth and Myers, 2005). Approximately 
44% of larvae (2.2 out of 5 larvae placed on stem) attached on short L. salicaria stems were 
not recovered after a high tide event (Denoth and Myers, 2005). Field studies in Michigan 
and Iowa documented prédation of Galerucella spp. larvae (Sebolt and Landis 2004; Wiebe 
and Obrycki, 2004). In Michigan, survival of G. calmariensis from larval to adult stage was 
higher in closed cages (53- 90%) compared to open cages (24- 42%) (Sebolt and Landis, 
2004). In Iowa, a field study using open and closed cages determined that G. pusilla larval 
survival was lower in the open cages (9 to 27%) compared to closed cages (44 to 76%) 
(Wiebe and Obrycki, 2004). In both studies, mortality was attributed to prédation. 
Pupation of Galerucella spp. occurs in soil litter (Malecki et al., 1993; Blossey and 
Hunt, 1999). However, when there is standing water surrounding L. salicaria plants, there are 
no data describing where the third instar form the pupal case. In laboratory studies, pupal 
survival was reduced due to moisture content of rearing medium (McAvoy and Kok, 2004). 
Survival from pupal to adult stage was less than 50% because the medium the pupae were 
placed into was susceptible to drying out or becoming overly moist (McAvoy and Kok, 
2004). In addition to mortality caused by abiotic factors, two predatory species found on the 
ground have been shown to prey upon the pupal stage. In a 24-hr laboratory study, Sebolt and 
Landis (2004) demonstrated that Forficula auricularia L (Dermaptera: Forficulidae) and 
Pterostichus melanarius Illiger (Coleoptera: Carabidae) preyed on G. calmariensis pupae and 
caused 50% mortality. 
The objectives of this study were to (a) determine mortality levels of G. calmariensis 
on L. salicaria surrounded by water and L. salicaria not surrounded by water using partial 
life tables at two wetlands, (b) determine location of G. calmariensis pupae on L. salicaria 
found in standing water, and (c) determine if soil moisture affects G. calmariensis pupal 
survival and eclosion. 
MATERIALS AND METHODS 
Life table sampling 
Galerucella calmariensis life stages were sampled in two wetland sites located in 
Manly, IA (Site 1) (43.28 N, 93.24 W) and Cummings, IA (Site 2) (41.49 N 93.79 W). These 
sites, separated by 238 km, were chosen because Site 1 is a wildlife conservation area and 
Site 2 is part of a farm where L. salicaria was planted to provide nectar for honey production. 
Site 1 was sampled 5 times in 2003 and 19 times in 2004; Site 2 was sampled 19 times in 
2004. 
From 2 to 18 June 2003, along a single 65-m long transect, we randomly collected 30 
L. salicaria stems from 30 randomly selected locations at Site 1. During 2003, more G. 
calmariensis life stages and defoliation on L. salicaria surrounded by water were observed, 
which led us to quantify differences between stems surrounded by water and stems not 
surrounded by water in 2004. At site 1, every 2 m along a single 65-m long transect that 
transversed L. salicaria surrounded by water and L. salicaria not surrounded, 15 to 19 L. 
salicaria stems were randomly collected from standing water and dry areas. At site 2, every 2 
m along a parallel 65-m long transect (one transect where L. salicaria was surrounded by 
water and a second transect where L. salicaria was not surrounded by water), we randomly 
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collected 15 to 19 L. salicaria stems from standing water and dry areas. Each stem was 
placed in plastic bags. 
In the laboratory, the bags were placed in a cooler at approx 4°C. The plant stem and 
the inside of the bags were thoroughly inspected for G. calmariensis life stages. Life stages 
of G. calmariensis were categorized as adults, eggs, first instars, second-third instars, and 
pupae. The stems were sliced longitudinally to look for pupae. We used four categories to 
describe the eggs: (1) hatched (a small exit hole from the first instar to eclosion), (2) 
unhatched (undamaged eggs), (3) chewing prédation (most of the egg was eaten), and (4) 
sucking prédation (the egg had a deflated appearance). A sub-sample (40% of unhatched 
eggs) was placed in a growth chamber at 24 ± 1° C and 16:8 (L:D) to determine percentage 
hatch. 
To determine differences between G. calmariensis life stages collected from Sites 1 
and 2, we used PROC GLM (SAS 2003). To determine differences between G. calmariensis 
life stages collected from L. salicaria surrounded by water and L. salicaria not surrounded by 
water for each life stage at each site, we used PROC GLM followed by a paired t-test (SAS 
2003). 
Partial life tables were constructed for G. calmariensis following methods described 
by Southwood (1978). Mortality estimates were made for the egg, first, and combined 
second-third instars. Parameters estimated in the partial life table analysis were: Ix—the 
number of individuals entering stage x; dx—the number of individuals dying in stage x; 
lOOqx—the percentage mortality in stage x; and 100 Sx—the percentage surviving in stage x 
(Southwood, 1978). The number entering a stage was calculated by integrating the density 
estimates for each stage over accumulated degree days for that stage, then dividing by the 
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degree days required for development of the stage (Southwood, 1978). The minimum 
threshold temperatures and degree days needed to complete each life stage used to calculate 
degree days for each life stage were 5.7°C and 142.1 DD for the egg, 7.5°C and 61 DD for 
the first instar, 7.1°C and 60.1 DD for second-third instars, and 10.7°C and 1066.3 DD for 
the adult (McAvoy and Kok, 2004). 
Two partial life tables were constructed for each site describing mortality of G. 
calmariensis when collected from L. salicaria surrounded by water and G. calmariensis 
when collected from L. salicaria not surrounded by water. However, because percentage 
mortality was similar for G. calmariensis collected from L. salicaria surrounded by water 
and L. salicaria not surrounded by water, we pooled the data and constructed one life table 
for each site. 
Voucher specimens of G. calmariensis are deposited in the Iowa State University 
Insect Collection, Department of Entomology, Iowa State University, Ames, IA 50011 USA. 
Laboratory study of pupal survival 
Second instar G. calmariensis were collected from the same wetland sites used for 
life table sampling. These specimens were placed in a plastic cage with 2.5 cm of greenhouse 
potting soil and held until pupation (YES). Lythrum salicaria stems and leaves were placed 
inside each cage; cages were checked for pupae twice daily. 
Three treatments of varying soil moisture (0, 30, and 60%) were determined using a 
ThetaProbe® Soil Moisture Sensor (Delta-T Devices LTD ). We used 18 paper cups (16 oz, 
Sweetheart®) with 32 ± 0.7 g (mean ± SD) of dry potting soil mix. Five pupae of ca. the 
same age were placed under approx 2 cm of soil. Each container was weighed before and 
after water was added, and soil moisture was determined. If the weight of the container 
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changed, water was added to maintain the appropriate percentage soil moisture. The cups 
were placed in a growth chamber at 24 ± 1° C and 16:8 (L:D). The cups were checked every 
day until 5 adults emerged from the soil. After three weeks all cups that produced < 5 eclosed 
adults were checked for the presence of pupae. 
The experiment was replicated 3 times. Number of eclosed individuals and days to 
eclosion were analyzed using PROC GLM (SAS 2003). 
RESULTS 
Seasonal abundance 
2003. 
At Site 1, adults were observed on 2 June (Fig. 1). During the first day of collection 
(2 of June), we observed the highest number of G. calmariensis eggs (126.8 ± 14.9 (SE) eggs 
per stem) compared to subsequent sampling dates. On 6 June, the first instars reached a mean 
number of 6 ± 1.5 G. calmariensis per stem (mean ± SE), whereas the second-third instars 
reached a mean number of 10.2 ±1.3G. calmariensis per stem (mean ± SE) on the last day 
of sampling (18 June). 
2004. 
At Site 1, adults were first collected on 11 May and were collected during the next 14 
sampling dates (Fig. 2). G. calmariensis eggs were first collected on 18 May. The peak 
number of G. calmariensis eggs was on 10 June (mean number of 78.7 ± 29.4 (SE) G. 
calmariensis per stem). First instars were first collected on 6 June and peaked on 26 June 
with a mean number of 22.6 ± 9.2 G. calmariensis per stem (mean ± SE). The second-third 
instars started appearing 13 June and peaked on 26 June (3.5 ± 2.1 (SE) G. calmariensis per 
stem). 
At Site 2, adults were first collected on 5 May (Fig. 3) and G. calmariensis eggs were 
first collected on 8 May. The peak number of G. calmariensis eggs was on 21 May (mean 
number of 343.9 ± 90.4 (SE) G. calmariensis per stem). First instars first appeared on 17 
May and peaked on 27 May with a mean number of 62.3 ± 14.2 (SE) G. calmariensis per 
stem. The second-third instars were first observed on 27 May and peaked on 6 June (mean 
number of 46 ± 12.4 (SE) G. calmariensis per stem). 
Site 2 had more G. calmariensis individuals than Site 1 (P < 0.0001) (Fig 2 and 3). 
However, Site 1 had G. calmariensis over an extended period compared to Site 2. At Site 1, 
G. calmariensis was present from 11 May to 10 August, whereas at Site 2 G. calmariensis 
was present from 5 May to 23 June, which was ca. 23 d longer. In addition, at Site 1, a 
second generation of G. calmariensis was observed compared to Site 2, where only one 
generation was observed (Fig 2 and 3). 
Influence of water 
Over 3 times more G. calmariensis individuals were collected from L. salicaria 
surrounded by water compared to L. salicaria not surrounded by water. At Site 1, there were 
approximately four times more adults (P < 0.01), three times more eggs (P < 0.0001), 11 
times more first instars (P = 0.02) , and eight times more second-third instars (P < 0.01) on L. 
salicaria surrounded by water compared to G. calmariensis on L. salicaria not surrounded by 
water (Fig. 4). At Site 2, there was an average of 2 times more G. calmariensis eggs (P = 
0.02) and first instars (P = 0.03) on L. salicaria surrounded by water compared to G. 
calmariensis on L. salicaria not surrounded by water (Fig. 5). 
Mortality levels 
Percentage mortality of G. calmariensis eggs at Site 1 was lower (62.4%) compared 
to Site 2 (90%) (Tables 1 and 2). Less than 3% of the eggs showed chewing or sucking 
prédation (Tables 1 and 2). At site 1, eggs were categorized as 25% hatched, 73% normal, 
1% chewing prédation, and 1% sucking prédation. At site 2, eggs were categorized as 47% 
hatched, 50% normal, 2% chewing prédation, and 1% sucking prédation. The highest egg 
prédation occurred during mid May and early June. At Site 1, the first instar had a percentage 
mortality of 77.1% compared to 43.1% at Site 2. Percentage mortality of G. calmariensis 
second-third instars was higher than the other life stages at both sites (99.2% Site 1 and 
96.8% Site 2). 
Pupal survival in the field. 
Eighty-six pupae were collected within the stems of L. salicaria surrounded by water. 
Pupae were found mostly at the water level of the stem. No pupae were found within the 
stems of L. salicaria in dry areas. 
Pupal survival in the laboratory 
No adults eclosed from the 60% soil moisture treatment. Fifty-six percent eclosion of 
adults from 0% moisture cups was observed compared to 84% in 30% moisture cups (P= 
0.0039). The number of days to eclosion approximately 4 days after pupae were placed in the 
cups in 0 and 30% soil moisture treatments was similar (P= 0.89). 
DISCUSSION 
The two sites had different abundance levels of G. calmariensis, but populations were 
observed at Site 1 over an extended period of time (~ 23 days longer) compared to Site 2. At 
Site 2, between 9 and 14 June, the first generation of adults emerged, but did not find plant 
material to oviposit. Similarly, in a field study in Minnesota, L. salicaria recovered after 
experiencing an average of 86% defoliation early in the season (Katovich et al. 1999). 
At both sites, approximately four times more G. calmariensis were collected from L. 
salicaria surrounded by water. In previous release sites in Michigan, Galerucella spp. failed 
to initially establish in large populations in dry areas (Landis et al. 2003). Prédation on 
Galerucella spp. that established on L. salicaria in dry areas was thought to be the main 
reason for reduced numbers (Landis et al. 2003); however, we did not observe different 
prédation levels on G. calmariensis on L. salicaria surrounded by water compared to G. 
calmariensis on L. salicaria not surrounded by water. The origin of L. salicaria for each site 
may have differed because at Site 1 L. salicaria infestations could have been introduced and 
spread by wildlife and the Shell Rock River, whereas at Site 2, the beekeeper could have 
selected for L. salicaria that had more flowers that would produce a lot of nectar. We 
hypothesize that the difference in G. calmariensis numbers could be due to host plant quality. 
Lythrum salicaria surrounded by water are exposed to different abiotic factors (e.g. run off 
from agricultural inputs, fluctuating water levels) and these may influence their attractiveness 
for G. calmariensis. In our study plots, L. salicaria plants surrounded by water on some 
sampling dates were completely flooded, but on other dates, the soil was saturated with 
water. These conditions could potentially increase vegetative traits (shoot length, shoot mass, 
length of inflorescence and root mass) (Mai and Lovett-Doust 2005) and G. calmariensis 
could be more attracted to these plants. In a recent greenhouse study, four soil treatments 
were selected to determine phenotypic plasticity in growth and reproductive traits of L. 
salicaria (Mai and Lovett-Doust 2005). Individual plants were potted in plastic pots and 
assigned one of four water treatments; individual plants were flooded (standing water), 750 
mL of water per day per pot (high water), 500 mL of water per day per pot (medium water), 
and 250 mL of water per day per pot (low water) (Mai and Lovett-Doust 2005). The plants 
in the high water treatment had longer shoot length and mass compared to the other 
treatments (Mai and Lovett-Doust 2005). Our field conditions fit the high water treatments 
on some dates, thus we speculate that these vegetative traits could be more attractive to G. 
calmariensis, thus the higher numbers. 
A second possibility is the location of these two L. salicaria infested wetlands. These 
wetlands are islands surrounded by agricultural field crops that have several nutrient and 
fertility inputs throughout the summer. Lythrum salicaria plants surrounded by water may be 
exposed more frequently to run-off from these fields, thus providing more resources to these 
plants and making them more attractive to G. calmariensis. Finally, non-target plants 
surrounding L. salicaria could be reducing attractiveness to G. calmariensis. In a field study, 
L. salicaria stands surrounded by Myrica gale, an aromatic low shrub, were less fed upon 
than L. salicaria stands outside M. gale populations (Hambàck et al. 2000). At Site 1, the 
most abundant plants with L. salicaria were in the Rush family (Juncaceae), Sagittaria spp. 
(Alismataceae) and Typha spp. (Typhaceae) and at Site 2, the most abundant plants with L. 
salicaria were willow trees (Salicaceae) and milkweeds (Asclepiadaceae). There are no 
known studies on how these plants affect G. calmariensis populations. 
Previous studies have reported that prédation on Galerucella spp. eggs is an 
important mortality factor (Sebolt and Landis 2004, Wiebe and Obrycki 2004). Twenty-six 
percent of G. pusilla sentinel eggs attached to L. salicaria plants in the field were preyed 
upon and chewing prédation accounted for over 50% of total egg prédation (Wiebe and 
Obrycki 2004). However, in our field study we observed less than 3% mortality caused by 
chewing or sucking predators on G. calmariensis eggs. The difference from our study and 
Wiebe and Obrycki (2004) could be due to the time of year when eggs were exposed to 
prédation. Wiebe and Obrycki (2004) attached sentinel eggs 10 times over a period of two 
years; however, prédation was highest during the month of July for both years and below 
20% in other eight time periods. In our field sampling in 2004, at Site 1, we observed 3 C. 
maculata adults on 6 of June, and one H. axyridis adult on the 18 of August. At Site 2, we 
observed one H. axyridis larvae on 6 June and one lacewing larvae on 27 July. However, at at 
Site 1 predators were not present 84% of the sampled dates and at Site 2 predators were not 
present 89% of the sampled dates. Egg numbers at Sites 1 and 2 peaked during late May and 
early June and continued to increase at Site 1. According to Wiebe and Obrycki (2004) late 
May and early June, corresponds to < 20% of prédation levels. Therefore, temporal 
synchrony between predators and G. calmariensis eggs could reduce exposure to prédation. 
There was a trend showing G. calmariensis mortality mostly occurred during the 
second-third instar. A previous study showed that neonate G. calmariensis would hide inside 
shoot tips and avoid prédation but when the shoot tips were full with G. calmariensis 
individuals, prédation increased (Sebolt and Landis 2004). Although we did not measure 
prédation or migration of second-third instars, this life stage could have a higher probability 
of being preyed upon because the shoot tips had been fed upon previously by the first instars. 
A previous laboratory study demonstrated that G. calmariensis larvae were suitable prey for 
development and survival of two predatory species, Harmonia axyridis (Pallas) (Coleoptera: 
Coccinellidae) and Chrysoperla carnea (Stephens) (Neuroptera: Chrysopidae) (Matos and 
Obrycki, unpublished data). 
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Galerucella calmariensis pupation biology has been mostly ignored probably due to 
the challenges of the soil ecosystem. Previous studies report the soil as the site for 
Galerucella spp. pupation (McAvoy et al., 1997; Wiebe and Obrycki, 2004). Our study 
identifies an additional site for G. calmariensis pupation. Within the stem, pupae are 
protected from water and natural enemies. After slicing the stems open, we observed burrows 
probably made by the third instars (Fig. 6). No pupae were found inside the L. salicaria 
stems not surrounded by water. In these areas the pupae are probably found in the soil litter 
(Malecki et al., 1993; Blossey and Hunt, 1999). 
The level of soil moisture is important for survival of the pupal stage. At 0 and 30% 
soil moisture, more than 50% of adults emerged. A previous study showed that the pupal 
stage of predatory Staphylinid, Oligota kashmirica benefica (Coleoptera: Staphylinidae), was 
negatively affected by a lack of water in the rearing media (Shimoda 2004). 
Our field observations and laboratory experiments demonstrate that G. calmariensis 
life stages experience high mortality from the egg to the second-third instar life stages in two 
Iowa wetlands. Egg mortality due to prédation was below 3.1%. Percentages mortality were 
similar for G. calmariensis life stages collected from L. salicaria surrounded by water and L. 
salicaria not surrounded by water, but more G. calmariensis were collected from L. salicaria 
surrounded by water. Galerucella calmariensis pupae are affected by edaphic factors such as 
soil moisture. Understanding the biology and ecology of G. calmariensis is very important to 
utilize them to reduce L. salicaria infestations. Biological control efforts on L. salicaria rely 
on the success of these introduced beetles, but it is also important to understand how the 
habitat into which these agents are introduced may affect their survival. Future studies could 
address plant community structure of L. salicaria infested wetlands and determine if other 
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abiotic factors, e.g. rain events and relative humidity, affect survival of Galerucella spp. life 
stages. 
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Table 1. Partial life table for Galerucella calmariensis in Lythrum salicaria at Site 1, 2003. 
xa lxb dx° 100qxd lOOSx6 
Egg 79.62583 63.9 80.3 19.7 
First 15.69895 4.3 27.2 72.8 
Second-Third 11.4228 11.4 99.4 0.6 
Adult 0.06772 
Total 79.6 99.9 0.1 
a Life stage. 
b Number entering a stage per 30 stems. 
c Number dying in a stage per 30 stems. 
d Factor responsible for dx. 
e Percent mortality in a stage. 
f Percent survival in a stage. 
Table 2. Partial life table for Galerucella calmariensis in Lythrum salicaria at Manly, 2004. 
xa lxb dx° dxFd 100qxd 100Sxe 
Egg 176.6084 110.1 62.4 37.6 
chewing 3.4 3.1 
sucking 2.3 2.1 
First 66.4659 51.3 77.1 22.9 
Second-Third 15.21341 15.1 99.2 0.8 
jO 
Adult 0.119835 
Total 176.5 993 0.1 
a Life stage. 
b Number entering a stage per 30 stems. 
0 Number dying in a stage per 30 stems. 
d Factor responsible for dx. 
e Percent mortality in a stage. 
f Percent survival in a stage. 
Table 3. Partial life table for Galerucella calmariensis in Lythrum salicaria at Site 2, 2004. 
xa lxb dxc dxFd 100qxd lOOSx6 
Egg 515.6663 464.0 90.0 10.0 
chewing 3.8 0.8 
sucking 4.7 1.0 
First 51.67607 22.3 43.1 56.9 
Second-Third 29.39784 28.5 96.8 3.2 
Adult 0.927397 
Total 514.7 9^8 0.2 
a Life stage. 
b Number entering a stage per 30 stems. 
0 Number dying in a stage per 30 stems. 
d Factor responsible for dx. 
e Percent mortality in a stage. 
f Percent survival in a stage. 
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Figure 1. Seasonal abundance of Galerucella calmariensis egg, first, second-third instar, and adult stage at Site 1 in 2003. 
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Figure 2. Seasonal abundance of Galerucella calmariensis egg, first, second-third instar, and adult stage at Site 1 in 2004. 
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CHAPTER 5. BEHAVIORAL INTERACTIONS AMONG PREDATORY SPECIES 
OF MYZUSLYTHRI AND GALERUCELLA CALMARIENSIS 
A paper to be submitted to Biological Control 
Bethzayda Matos and John J. Obrycki 
ABSTRACT 
In 24 hr laboratory experiments, we assessed behavioral interactions among predatory third 
instars of Harmonia axyridis Pallas (Coleoptera: Coccinellidae), Chrysoperla carnea 
(Stephens) (Neuroptera: Chrysopidae), and Coleomegilla maculata DeGeer (Coleoptera: 
Coccinellidae) in the presence of two herbivorous prey (adults and nymphs of Myzus lythri 
(Schrank) (Homoptera: Aphididae) and eggs and larvae of Galerucella calmariensis L. 
(Coleoptera: Chrysomelidae)). Three predator-prey interactions were examined: (1) H. 
axyridis and C. maculata with -10 M. lythri and one G. calmariensis larva (Experiment 1), 
(2) C. maculata and H. axyridis with 10 G. calmariensis eggs and one G. calmariensis larva 
(Experiment 2), and (3) C. carnea and H. axyridis with -10 M. lythri and one G. 
calmariensis larva (Experiment 3). Simultaneously, we set up control cages where one 
individual predatory species was exposed to the two herbivorous prey. Observations were 
made at 0- 5, 15, 60, 300, 600 and 1440 min. Behaviors of individual predators were 
categorized as feeding on prey, feeding on the other predator, inactivity, or molting to next 
instar or pupa. In experiment 1, C. maculata attacked more M. lythri (94%) than G. 
calmariensis larvae (6%); in contrast, H axyridis attacked similar numbers of G. 
calmariensis larvae and M. lythri. After 1440 min, H. axyridis killed 44% of C. maculata 
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larvae; in one cage C. maculata attacked but did not kill a H. axyridis larva. In experiment 2, 
100% of the observed attacks by H. axyridis and C. maculata were on G. calmariensis 
larvae. After 1440 min, 27% of the G. calmariensis eggs' chorions were injured and 60% of 
C. maculata were killed by H. axyridis. In experiment 3, a higher proportion of C. carnea 
individuals were active during the observation periods compared to H. axyridis larvae. 
Chrysoperla carnea and H. axyridis larvae attacked similar numbers of M. lythri and G. 
calmariensis larvae. After 300 min, 47% of H. axyridis and 12% of C. carnea were dead as a 
result of intraguild prédation. Inactivity was the predominant behavior for all three predatory 
larvae; C. maculata (over 80%), H. axyridis (over 80%) and C. carnea (61%). Based on these 
results, the majority of the behaviors observed during the first 24 h of these three predatory 
species were inactivity, feeding on prey, or feeding on another predator. 
KEYWORDS 
behavior, Lythrum salicaria, Myzus lythri, Galerucella 
INTRODUCTION 
In previous laboratory studies, Harmonia axyridis Pallas (Coleoptera: 
Coccinnellidae), Chrysoperla carnea (Stephens) (Neuroptera: Chrysopidae), and 
Coleomegilla maculata DeGeer (Coleoptera: Coccinellidae) completed preimaginal 
development and survived on L. salicaria herbivores including Galerucella spp. eggs and 
larvae, and Myzus lythri (Schrank) (Homoptera: Aphididae) (Wiebe and Obrycki, 2002, 
Matos and Obrycki, Chapter 2). In a greenhouse study, initial behavior (within 1 hr after 
release on the L. salicaria plant) of neonate G. calmariensis larvae was to migrate and hide 
within L. salicaria shoot tips (Sebolt and Landis, 2002). This behavior allowed for higher G. 
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calmariensis larval survival compared to G. calmariensis larvae exposed on a leaf surface 
when C. maculata was present. 
Many factors influence predator-prey interactions including the presence of prey, 
prey density, multiple prey species, and abundance of other predators that may lead to 
intraguild prédation. Leptinotarsa decemlineata (Say) (Coleoptera: Chrysomelidae) egg 
densities affected the searching behavior of C. maculata larvae (Munyaneza and Obrycki 
1998). Coleomegilla maculata larvae searched for longer time periods and greater leaf area 
when 2.5 L. decemlineata egg masses/m2 were present compared to 10 or 35 egg masses/m2 
(Munyaneza and Obrycki 1998). In a multiple prey species greenhouse study, eight treatment 
combinations were setup to determine if the presence of C. carnea and II axyridis larvae 
reduced G. calmariensis larvae and M. lythri herbivory of L. salicaria (Matos 2005). 
Harmonia axyridis and C. carnea significantly reduced survival of M. lythri, but C. carnea 
did not significantly reduce G. calmariensis larval survival. Combinations of prey species, 
e.g. L. decemlineata and Myzus persicae (Sulzer) (Homoptera: Aphididae) in a small-scale 
arena (Petri dish) reduced Nab is spp. (Heteroptera: Nabidae) and Geocoris spp. (Heteroptera: 
Geocoridae) aphid consumption rates (Koss et al., 2004). 
In a 1 hr laboratory assay, behavioral interactions of single adult Hippodamia 
convergens Guérin-Méneville (Coleoptera: Coccinellidae) and Collops vittatus (Say) 
Coleoptera: Melyridae) revealed different behavioral responses to three life stages of the 
sweetpotato whitefly, Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) and plant 
substrate (Hagler et al., 2004). Statistical analyses determined that adult H. convergens were 
more frequently eating whitefly eggs and nymphs compared to adult whiteflies and adult C. 
vittatus were more frequently eating whitefly eggs compared to nymphs and adults. 
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The objective of this study was to determine the behavior of individual predatory 
larvae when heterospecific larvae were exposed to two prey species, G. calmariensis and M. 
lythri and when single predator larvae were exposed to the two prey species. We observed 
the behaviors of 71 individuals, representing three predatory species, H. axyridis, C. 
maculata, and C. carnea. 
MATERIALS AND METHODS 
Chrysoperla carnea were purchased from, Rincon-Vitova Inc. (Fillmore, CA) and C. 
maculata and H. axyridis adults were collected from Story County, Iowa. Coleomegilla 
maculata and H. axyridis adults were maintained in 0.5 pint paper cages (Neptune Paper 
Products, Jersey City, NJ) in growth chambers (Model No. 1-30 BLL, Percival, Boone, IA) at 
22 ± 1°C with a photoperiod of 16:8 (L:D). Coleomegilla maculata and H. axyridis adults 
were fed pea aphids, Acyrthosiphonpisum (Harris), until females laid eggs, which were 
collected daily. Adults and nymphs of M. lythri were reared on L. salicaria plants that were 
enclosed in cages in the Department of Entomology greenhouse and growth chambers at a 24 
± 1°C with a photoperiod of 16:8 (L:D). Acyrthosiphon pisum (pea aphids) were reared on 
faba beans, Vicia faba L., that were enclosed inside a cage (60 cm x 48.5 cm x 59.5 cm) 
covered with fine mesh (NO-SEE-UM netting, Balsom Hercules Group, Providence, RI), 
placed in the Department of Entomology Greenhouse. Every three days during June, July, 
and August, G. calmariensis eggs and larvae were collected from L. salicaria infested 
wetlands in central Iowa and kept in a refrigerator at approx. of 4°C. 
Three experiments were conducted (Table 1); (1) one third instar C. maculata and one 
third instar H. axyridis with one G. calmariensis larva and ca.10 M. lythri (15 replications) 
(2) one third instar C. maculata and one third instar H. axyridis with 10 G. calmariensis eggs 
and one G. calmariensis larva (18 replications), and (3) one third instar C. carnea and one 
third instar H. axyridis with one G. calmariensis larva and ca. 10 M. lythri as prey (32 
replications). Third instars of all predators were starved for 24 h before the experiments were 
started. After 24 h, predators were set up as heterospecific pairs in 0.5-pint paper cages, 
arenas for the larval interactions. Water was supplied in a cotton-plugged glass vial. The 
arenas were examined for behavioral interactions at 0- 5, 60, 300, 600 and 1440 min at room 
temperature (25 ± 2°C); between observations the cages were maintained in a growth 
chamber at 24 ± 1°C, 16:8 (L:D). Myzus lythri and G. calmariensis eggs were placed on 
approximately 1 cm2 piece of L. salicaria leaf tissue. Predator behaviors observed were 
categorized as feeding on M. lythri (FML), feeding on G. calmariensis eggs (FGE), feeding 
on G. calmariensis larvae (FGL), feeding on C. maculata (FCM), feeding on II. axyridis 
(FHA), feeding on C. carnea (FCC), predator inactivivity (PIN), and predator molted (PM). 
Feeding on insect species is defined as a predator attacking, whereas predator inactivity is 
defined as an immobile individual predator on the side of the arena, or predator on the glass 
vial with water. Active behavior occurred when the predator was attacking a herbivorous 
prey, attacking the other predator, or molting.. In experiments 1 and 2, three cages with a 
single predator and two prey items were set-up as controls. 
At each time interval we observed the four insect species and recorded how many 
insects were being attacked for approximately 10 s. Additionally, we recorded the behavior 
of the individual predatory larvae. We analyzed the type of behaviors and activity exhibited 
by each predatory larva within each time interval using PROC GLM (SAS, 2003). To 
compare active and inactive behavioral responses and which prey (e.g. prey choice) was 
preferred by each predator within each experiment, an LSD multiple comparisons test was 
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used (SAS, 2003). To compare activity between single caged larvae (controls) and 
heterospecific larvae within each experiment, a Student t test was used (SAS, 2003). 
RESULTS 
Experiment 1: one third instar C. maculata and one third instar H. axyridis with 
one G. calmariensis larva and ca.10 M. lythri (15 replications) 
Harmonia axyridis and C. maculata had similar behavioral interactions during all 
time intervals (P = 0.87) (Table 2). During the first 60 min, nine C. maculata larvae attacked 
M. lythri and one C. maculata larva attacked a G. calmariensis larva (Table 2). In contrast, 
during the first 60 min, six H. axyridis attacked G. calmariensis larvae and two H. axyridis 
larvae attacked M. lythri (Table 2). During all time intervals, C. maculata attacked more M. 
lythri than G. calmariensis larvae (P= 0.02); in contrast due to relatively low numbers of 
attacks on the herbivorous prey, H. axyridis attacked similar percentages of G. calmariensis 
larvae (78%) and M. lythri (22%) (P - 0.11). After the 1440 min observation, no herbivore 
prey survived (Table 3). 
The proportion of time C. maculata larvae were inactive was 82%, 16% of C. 
maculata larvae were feeding on M. lythri, 1 % of C. maculata larvae were feeding on G. 
calmariensis larvae, and 1% of C. maculata larvae were molting (Figure 1 A). The proportion 
of time H. axyridis larvae were inactive was 80%, 9% of H. axyridis larvae were molting, 8% 
of H. axyridis larvae were feeding on G. calmariensis larva, 2% of H. axyridis larvae were 
feeding on M. lythri, and 1% of H. axyridis larvae were feeding on C. maculata (Figure IB). 
Harmonia axyridis with C. maculata had similar behavioral interactions in the single 
predator arena (P = 0.16). After 1440 min, in the single predator arenas, all M. lythri were 
dead. Active behavior was similar in the single C. maculata treatment compared to C. 
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maculata with H. axyridis (P=0.06). After 1440 min, C. maculata had killed 66.7% of M 
lythri and 66.7% of G. calmariensis larvae, although we only observed one C. maculata 
attack G. calmariensis larva (1440 min) and no attacks on M. lythri (Table 4). The 
percentage of prey mortality shows the overall mortality after the experiment concluded, thus 
some attacks must have occurred between observations. We observed one H. axyridis larva 
attacking G. calmariensis larvae at the 0-5, and 60 min. At the 1440 min, two H. axyridis 
larvae were attacking G. calmariensis but only one G. calmariensis larva was dead at the 
end. An explanation for this could be that one G. calmariensis larva that had been attacked 
earlier was able to escape the attack but at the end H axyridis attacked it again. 
Experiment 2: one third instar C. maculata and one third instar H. axyridis with 
10 G. calmariensis eggs and one G. calmariensis larva (18 replications) 
Harmonia axyridis with C. maculata had similar behavioral interactions during all 
time intervals (P = 0.56) (Table 5). Harmonia axyridis larvae were not observed attacking 
eggs at any interval whereas C. maculata attacked eggs at 300 min (Table 5). After 1440 
min, II axyridis killed 60% of C. maculata and 100% of H. axyridis survived (Table 3). 
The proportion of time C. maculata larvae were inactive was 91%, 8% of C. 
maculata larvae were feeding on G. calmariensis larva, and 1% of C. maculata larvae were 
feeding on the G. calmariensis eggs (Figure 2A). The proportion of time H. axyridis larvae 
were inactive was 87%, 12% of H. axyridis larvae were feeding on G. calmariensis larva, 1% 
of H. axyridis larvae were molting (Figure 2B). 
Harmonia axyridis with C. maculata had similar behavioral interactions in the single 
predator arena (P = 0.05). In the single predator arenas, all G. calmariensis eggs survived 
(Table 4). Coleomegilla maculata larvae with H. axyridis had more behavioral interactions 
compared to C. maculata in the single arena (P = 0.02), especially toward G. calmariensis 
larvae (P = 0.03). At the 0-5 and 300 min observation, H. axyridis larvae attacked G. 
calmariensis larvae (Table 4). After 1440 min, overall mortality was 100% of G. 
calmariensis larvae, thus one H. axyridis attacked between observations. In the single C. 
maculata arena, 33% of G. calmariensis larvae died. 
Experiment 3: one third instar C. carnea and one third instar H. axyridis with 
one G. calmariensis larva and ca. 10 M. lythri as prey (32 replications) 
We ended this experiment after 300 min, because all M. lythri and all but one G. 
calmariensis larva were dead. Including all time periods, C. carnea had more behavioral 
interactions than H. axyridis (P = 0.001). Chrysoperla carnea and H. axyridis attacked 
similar numbers of M. lythri and G. calmariensis larvae (P= 0.45). Chrysoperla carnea 
attacked H. axyridis during the 0-5 and 60 min observations (Table 6). Although 87.5% of C. 
carnea survived after 300 min, we did not observe H. axyridis attacking C. carnea (Table 3). 
The proportion of time C. carnea larvae were inactive was 61%, 17% of C. carnea 
larvae were feeding on M. lythri, 15% of C. carnea larvae were feeding on G. calmariensis 
larva, 6% of C. carnea larvae were feeding on H. axyridis, and 1% of C. carnea larvae were 
molting (Figure 3A). The proportion of time H. axyridis larvae were inactive was 88%, 7% 
of H. axyridis larvae were feeding on G. calmariensis larva, 3% of H. axyridis larvae were 
feeding on M. lythri, 1% of H. axyridis larvae were feeding on C. carnea, and 1% of H. 
axyridis larvae were molting (Figure 3B). 
DISCUSSION 
During the three experiments, the predatory larvae were frequently inactive (PIN). 
Overall, H. axyridis attacked more G. calmariensis larvae than the other prey; C. maculata 
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attacked more M. lythri than the other prey and C. carnea attacked both prey similarly. 
Feeding on the heterospecific larva was seldom observed during the observation intervals. 
The results of this study provide a basic understanding of initial behaviors these three 
predatory species have when exposed to two herbivore species and a heterospecific larva. 
Inactive predators usually were found on the side of the container or on the cotton-
plugged glass vial filled with water. Previous studies have determined that sedentary periods 
were associated with the decreased water loss (Cohen, 1982) and decrease exposure to their 
own natural enemies (Hassel and Southwood, 1978). Inactivity could occur because the 
predatory larvae were trying to locate and identify potential prey items. For example, C. 
carnea larvae can locate some prey items from up to a distance of 50 mm with the help of 
chemical attractants released by the honeydew of homopteran insects (Canard and Principi, 
1984). An inactive period could also occur after the predatory larvae had eaten. At medium 
and high prey densities (10 and 35 L. decemlineata egg masses/ m2), C. maculata fourth 
instar rested for longer periods of time compared to C. maculata fourth instar at low prey 
densities (2.5 L. decemlineata egg masses/ m2) (Munyaneza and Obrycki, 1998). In this 
present study, there was a trend to observe individual predatory larvae that were attacking 
prey at the beginning of the experiment to be inactive at the end of the experiment. 
Qualitative observations determined that adult H. convergens spent most of their time 
grooming (35%) > walking (19%) > resting (18%) > orienting (17%) > feeding (7%) > 
probing (4%) (Hagler et al., 2004). 
Although G. calmariensis eggs and G. calmariensis larvae are not suitable for C. 
maculata preimaginal survival (Matos and Obrycki, Chapter 2), initial behavior was for 
starved C. maculata to attack them. At the end of the experiment 1, in the single C. maculata 
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larval treatments, 100% of G. calmariensis larvae were killed and 67% of M. lythri were 
killed by C. maculata. This is interesting because this mixed diet could have contributed to 
continuous feeding on G. calmariensis larvae. However, when single C. maculata was 
exposed to G. calmariensis eggs and larvae, 100% of the G. calmariensis larvae died and no 
G. calmariensis eggs were attacked. In the single predator arena, H. axyridis larvae did not 
cause mortality to G. calmariensis eggs. However in a 24 hr, no choice study H. axyridis 
adults caused 11 % mortality of G. calmariensis eggs (Sebolt and Tandis, 2004), indicating 
that adult and larval stages of predatory insects may have different requirements for 
development and survival. 
In experiment two, C. maculata larvae attacked G. calmariensis larvae and G. 
calmariensis eggs. However, in the heterospecific arena C. maculata attacked more G. 
calmariensis larvae compared to C. maculata in the single arena. The presence of a 
heterospecific larva (H. axyridis) in the arena may have increased predator-prey interactions 
between C. maculata and G. calmariensis larvae. 
Overall, the predatory species were inactive the majority of time. Coleomegilla 
maculata exposed to M. lythri and G. calmariensis larvae, preferred to attack M. lythri. When 
H. axyridis and C. maculata were exposed to G. calmariensis eggs and G. calmariensis 
larvae, both predatory species preferred G. calmariensis larvae. No H. axyridis attacked G. 
calmariensis eggs in the heterospecific larvae arena or in the single predator arena. 
Chrysoperla carnea when exposed to M. lythri and G. calmariensis larvae did not show a 
preference for either prey. At the end of the experiment prédation on the other predator was 
observed. Feeding on the heterospecific larva was seldom observed during the observation 
intervals. 
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Table 1. Descriptions of predator and prey combinations and number of replications for each 
trial. 
Trial Replications 
(Cages) 
Predator Prey 
1 15 Third Coleomegilla maculata 
Third Harmonia axyridis 
One Galerucella calmariensis larva 
ca. 10 Myzus lythri adults & nymphs 
2 18 Third Coleomegilla maculata 
Third Harmonia axyridis 
One Galerucella calmariensis larva 
10 Galerucella calmariensis eggs 
3 32 Third Chrysoperla carnea 
Third Harmonia axyridis 
One Galerucella calmariensis larva 
ca. 10 Myzus lythri adults & nymphs 
Table 2. Relative frequency (%) of behavioral responses of Harmonia axyridis and Coleomegilla maculata towards 
Myzus lythri and Galerucella calmariensis larvae at 0-5, 60, 300, 600, 1440 minutes. 
Trial 1 (18 pairs) 
—Minutes ; 
0-5 60 300 600 1440 
HA CM HA CM HA CM HA CM HA CM 
FML 22.2 5.6 27.8 5.6 11.1 16.7 
FGL 16.7 5.6 5.6 11.1 5.6 
FHA 
FCM 5.6 
PIN 83.3 72.2 88.8 72.2 66.7 88.9 77.7 83.3 88.8 50 
PM 16.6 16.7 5.6 5.6 
N 3 5 2 5 6 2 4 4 2 1 
HA= Harmonia axyridis 
CM= Coleomegilla maculata 
feeding on M. lythri (FML) 
feeding on G. calmariensis larvae (FGL) 
feeding on H. axyridis (FHA) 
feeding on C. maculata (FCM) 
predator inactive (PIN) 
predator molted (PM) 
N= total number of recorded behaviors in the 18 pair cages. 
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Table 3. Percentage survival of individuals at the 
end of the trial in cages where predators were 
paired. 
Trial Insect % 
1 H axyridis 100 
C. maculata 56 
M. lythri 0 
G. calmariensis larva 0 
2 H. axyridis 100 
C. maculata 40 
G. calmariensis egg 73 
G. calmariensis larva 0 
3 H. axyridis 53.1 
C. carnea 87.5 
M. lythri 0 
G. calmariensis larva 7 
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Table 4. Relative frequencies (%) of behavioral responses and 
percentage herbivore mortality in single predator cages. 
Trial 1 (3 cages )— Coleomegilla maculata 
-minutes— % Prey 
0-5 60 300 600 1440 Mortality 
FML 66.7 
FGL 313 100 
PIN 100 100 100 100 66.7 
PM 
N 0 0 0 0 1 
Trial 1 (3 cages ) — Harmonia axyridis 
-minutes— % Prey 
0-5 60 300 600 1440 Mortality 
FML 100 
FGL 313 33.3 66.7 33.3 
PIN 66.7 66.7 100 100 313 
PM 
N 1 1 0 0 1 
Trial 2 (3 cages )— Coleomegilla maculata 
-minutes— % Prey 
0-5 60 300 600 1440 Mortality 
FGE 0 
FGL 313 33.3 
PIN 100 100 100 100 66.7 
PM 
N 0 0 0 0 1 
Trial 2 (3 cages ) — Harmonia axyridis 
— -minutes— % Prey 
0-5 60 300 600 1440 Mortality 
FGE 0 
FGL 313 33.3 100 
PIN 66.7 100 66.7 66.7 100 
PM 313 
N 1 0 1 1 0 
feeding on M. lythri (FML), feeding on G. calmariensis larvae (FGL), 
predator inactive (PIN), predator molted (PM) 
N= total number of recorded behaviors in 3 cages. 
Table 5. Relative frequency (%) of behavioral responses of Harmonia axyridis and Coleomegilla maculata towards 
Galerucella calmariensis eggs and larvae at 0-5, 60, 300, 600, 1440 minutes. 
Trial 2 (15 pairs) 
—Minutes 1 
0-5 60 300 600 1440 
HA CA HA CA HA CA HA CA HA CA 
FGE 6.7 
FGL 33.3 6.7 20 6.7 6.7 13.3 6.7 6.7 
FHA 
FCM 
PIN 66.7 93.3 80 913 913 80 913 93.3 100 33.3 
PM 6.67 
N 5 1 3 1 1 3 1 1 0 1 
HA= Harmonia axyridis 
CM= Coleomegilla maculata 
feeding on G. calmariensis egg (FGE) 
feeding on G. calmariensis larvae (FGL) 
feeding on H. axyridis (FHA) 
feeding on C. maculata (FCM) 
predator inactive (PIN) 
predator molted (PM) 
N= total number of recorded behaviors in the 15 pair cages. 
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Table 6. Relative frequency (%) of behavioral responses of Harmonia 
axyridis and Chrysoperla carnea towards Myzus lythri and 
Galerucella calmariensis larvae at 0-5, and 60 minutes. 
Trial 3 (32 pairs ) 
—minutes— 
0-5 60 300 
HA cc HA CC HA CC 
FML 3.1 21.9 6.3 25 3.1 
FGL 9.4 21.9 12.5 21.9 
FHA 6.3 3.1 9.4 
FCC 3.1 
PIN 87.5 50 81.2 50 93.8 71.2 
PM 3.1 3.1 
N 4 16 6 16 2 5 
HA = Harmonia axyridis 
CC= Chrysoperla carnea 
feeding on M. lythri (FML) 
feeding on G. calmariensis larvae (FGL) 
feeding on H axyridis (FHA) 
feeding on C. carnea (FCC) 
predator inactive (PIN) 
predator molted (PM) 
N= total number of recorded behaviors in the 10 pair cages. 
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A. 
FGL 
PM 1% 
B. 
PIN 
80% 
Figure 1. Time budgets for C. maculata (A) and H. axyridis (B) in the feeding arena. 
Results are expressed as the % of total time spent in each behavioral event for 1440 min. 
FGL= feeding on G. calmariensis larva, FML= feeding on M. lythri, Fp= feeding on other 
predator, PIN= predator inactive, PM= predator molted 
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A. 
PM FGE FGL 
0% 11% 
PIN 
91% 
B. 
FGE 
PM 0% 
1%~\ I FGL (Its 
VPIN 87% 
Figure 2. Time budgets for C. maculata (A) and H. axyridis (B) in the feeding arena. 
Results are expressed as the % of total time spent in each behavioral event for 1440 min. 
FGL= feeding on G. calmariensis larva, FML= feeding on G. calmariensis eggs, Fp= 
feeding on other predator, PIN= predator inactive, PM= predator molted 
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B. 
FML 
3% 
Figure 3. Time budgets for C. carnea (A) and H axyridis (B) in the feeding arena. Results 
are expressed as the % of total time spent in each behavioral event for 300 min. 
FGL= feeding on G. calmariensis larva, FML= feeding on M. lythri, Fp= feeding on other 
predator, PIN= predator inactive, PM= predator molted 
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CHAPTER 6. GENERAL CONCLUSIONS 
The overall hypotheses of this dissertation were that an additional species of 
herbivorous insect would influence biological control of L. salicaria and biotic interference 
from predators would indirectly benefit L. salicaria''s plant growth. The conceptual 
framework presented in Chapter 3 (page 67) shows the main hypotheses. To investigate these 
hypotheses, I performed several experiments and observational studies in the laboratory, 
greenhouse, and field. 
The null hypotheses that an additional species of herbivorous insect would influence 
biological control of L. salicaria and biotic interference from predators would indirectly 
benefit L. salicaria's plant growth are rejected. The prey suitability study indicated that three 
predatory species (C. carnea, H. axyridis, and C. maculata) have the potential to interfere 
with the biological control of L. salicaria (Chapter 2). Harmonia axyridis and C. carnea 
larvae developed and survived on G. calmariensis larvae and M. lythri. Coleomegilla 
maculata larvae developed and survived on M. lythri but did not survive on G. calmariensis 
eggs and larvae. Harmonia axyridis larvae failed to develop on G. calmariensis eggs. 
However, when the two herbivorous species (M lythri and G. calmariensis), one predatory 
species, and the plant were caged for approximately 25 to 30 days, the prédation effect was 
significant, but predator presence did not influence plant characteristics (e.g. leaf area, 
number of leaves, aboveground biomass) compared to the when predatory insects were 
absent (Chapter 3). In this 25 to 30 d greenhouse study, C. carnea and II axyridis did not 
indirectly benefit the growth of L. salicaria. Although H. axyridis caused G. calmariensis 
and M. lythri mortality and C. carnea caused M. lythri mortality, herbivory was not 
significantly reduced in this cage study. Timing of herbivores and predator infestations, 
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proportions of herbivores to predators, length of time for predator, herbivore, and plant to 
interact, and abiotic conditions of temperature are some factors that may have influenced the 
outcome of this cage study. However, my results are similar to a 4-year field study, in which 
the predator, Plagiognathus politis (Hemiptera: Miridae) consumed large numbers of G. 
calmariensis eggs and young larvae during the first year, but after the second and third 
season, G. calmariensis populations increased to levels that caused significant defoliation 
despite predator abundance (Hunt-Joshi et al., 2005). My study was a controlled experiment 
where herbivore and predator levels were manipulated, and I did not show that two generalist 
predators have an indirect positive effect on L. salicaria. 
Field observations and laboratory experiments demonstrate that G. calmariensis 
experience high mortality from the egg to the second-third instar in two Iowa wetlands 
(Chapter 4). Egg mortality due to prédation was below 3.1%. In a previous field study 
conducted in Iowa, egg prédation ranged from 17 to 40% and chewing prédation accounted 
for >50% of prédation (Wiebe and Obrycki 2004). Different wetland sites were chosen for 
the current field observations, egg prédation was measured for only one year, and predator 
numbers did not reach levels observed by Wiebe and Obrycki (2004). Mortality was similar 
for G. calmariensis life stages collected from L. salicaria surrounded by water and for L. 
salicaria not surrounded by water, but more G. calmariensis (at Site 1 - egg, first instar, 
second-third instar, pupa, and adult and at Site 2— egg and first instars) were collected from 
L. salicaria surrounded by water. Galerucella calmariensis pupae are affected by edaphic 
factors such as soil moisture and the pupal stage occurs within stems of L. salicaria 
surrounded by water. 
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A laboratory study examined the behaviors of individual predatory larvae (C. carnea, 
H. axyridis, and C. maculata) when heterospecific third instars were exposed to two prey 
species, G. calmariensis and M. lythri (Chapter 5). Inactivity was the predominant behavior 
for all three predatory larvae; C. maculata and H. axyridis were inactive for over 80% of time 
whereas C. carnea was inactive 61% of time. Coleomegilla maculata third instars exposed to 
M. lythri and G. calmariensis larvae, attacked more M. lythri. When H. axyridis and C. 
maculata were exposed to G. calmariensis eggs and G. calmariensis larvae, both predatory 
species attacked more G. calmariensis larvae. No H. axyridis attacked G. calmariensis eggs 
in the heterospecific larval arena or in the single predator arena. Chrysoperla carnea exposed 
to M. lythri and G. calmariensis larvae did not show a preference for either prey. Feeding on 
heterospecific larvae was seldom observed during the observation intervals. 
Biological control of L. salicaria in Iowa has had variable success although biological 
control agents including G. calmariensis have been present in L. salicaria infested wetlands 
for over 10 years. Biotic interference has the potential to reduce levels of biological control 
because these two herbivore species, G. calmariensis and M. lythri, are suitable prey for 
preimaginal development and survival of three predators commonly found in L. salicaria 
infested wetlands. However, other factors including vegetation surrounding L. salicaria 
could be reducing numbers of G. calmariensis because egg prédation mortality was below 
3.1% in this one-year study of two Iowa wetlands. In addition, in a short-term greenhouse 
study predator presence caused a reduction in G. calmariensis and M. lythri survival but did 
not benefit the plant characteristics measured. 
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